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РКЕҒАСЕ 


In the last ten years we have seen technology develop at such an alarm- 
ing rate that we are almost overpowered and frightened of what the 
future may hold. With the development of the silicon chip, we have 
seen the space required for a computer shrink from a room filled with 
equipment to a space smaller than a cigarette package with increased 
computing capacities. The development of the electronic chip has 
opened up what some experts have coined the Second Industrial Revo- 
lution. Many consider robots to be the primer on the revolution. 

The use of robots is no longer a dream. The widespread use of 
robots in our society is increasing by geometric rates and will continue 
to increase in the future. With the increased use of robotic technology, 
the need for training in this area becomes more prevalent. The purpose 
of this text is to present material in a technical manner for training in 
the area of robotics, in addition to addressing what robots can do for us 
as well as fo us. 

The text is a comprehensive approach to teaching the technical 
aspects of industrial robotics. The book is divided into three sections: 
section one—chapters 1 through 4— deal with the general concept of 
robotics and its use in manufacturing. Section two— chapters 5 through 
8—and section three—chapters 9 through 12—deal with a more in- 
depth study in electromechanical power systems and robot control sys- 
tems respectively. 
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Chapter 1 
ROBOTIC DEVELOPMENT 


Forces behind Automation and Robotics 


The United States is the most productive nation in the world. However, 
today the United States is seeing her domination being slowly eroded 
away by Japan and other Far Eastern countries. One has to wonder how 
this could happen to the strongest, most productive nation in the world. 
To answer that question all one has to do is review our performance 
the last 20 years. 

Through the 1960s the United States enjoyed an annual growth 
rate of about 3 percent of productivity. But since 1966 the rate of pro- 
ductivity has declined from a positive growth of 3.2 percent yearly to a 
negative 1.7 percent in 1982. Figure 1-1 graphically shows the declining 
trend in productivity the United States is experiencing. However, todav, 
several economists are predicting that manufacturers employing auto- 
mated manufacturing systems coupled with the use of robotic technol- 
ogy can help to revitalize America's productivity. 

Although the United States is losing ground in many areas of man- 
ufacturing, she can still boast of her superiority in agriculture. The av- 
erage American farmer produces enough food to feed 109 people. This 
is about ten times higher than the Soviets. Even the Japanese must 
import one-fourth of their food and one-half of their grain needs. 
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Years 
Figure 1-1. U.S. rate of productivity. 


How did the United States meet the growing demand for more 
agricultural products with a diminishing work force—4A work force that 
was being lured away by the call from manufacturing? The United States 
was able to meet the challenge through mechanization, what most experts 
consider to be the forerunner of automation. 

The U.S. agricultural industry is the most mechanized agricultural 
industry in the world. Only 3 percent of the U.S. labor force is engaged 
in agriculture. Yet the American farmers are able to produce enough 
food to feed the people of America as well as export surplus products 
to foreign countries. 

Today the cry for greater productivity in other areas of the economy 
goes out. Productivity is the word that is foremost on the minds of most 
of us. Economists and government, business, and labor leaders gen- 
erally agree that productivity is the key to restoring the American econ- 
omy and maintaining our standard of living. 

It is quite obvious that in order for the United States to be more 
productive and remain competitive, a change has to take place in our 
methods of manufacturing. Some experts say that change has to be the 
incorporation of automation. Most feel that automation can do for manu- 
facturing what mechanization did for agriculture. It is evident that in 
order for the United States to be productive and remain competitive, 
some degree of automation will be required in every company. 


Forces behind Automation and Robotics 


It has been pointed out that mechanization is the forerunner of 
automation. However, there is a major difference between the two. This 
difference lies in the system and in machine control. Mechanization has 
been used to replace manual labor, whereas automation has enhanced 
mechanization by giving the system its intelligence. Even though man- 
ual labor, coupled with mass production and mechanization, has met 
the demand of yesterday's requirements, it cannot meet today's market 
requirements. 

The demand for improved quality, shorter lead times, and reduced 
product cost are a few of the problems facing manufacturers. The recent 
recession has forced manufacturers to focus more attention on their 
methods of operations. Most experts agree that companies with the fore- 
sight to invest in new production equipment and develop better quality 
products will benefit by gains through increased productivity and better 
product reliability. 

Why is the use of automation and robotics more attractive today 
than it was a decade ago? Some would suggest that the technology has 
been available for several years but implementation was not economi- 
cally feasible. But with the rapid rise in labor cost, due mainly to infla- 
tion, and reduction in computer power cost, automation is quite feasible. 
Today a computer chip that costs about $6.00 is capable of replacing a 
computer that occupied a space the size of a room and cost over 51 
million. With the reduction in computer cost, today's shift is toward 
automation. 

The demand for reduction of inventories, lower product cost, im- 
proved quality, and increased productivity are the driving forces behind 
automation. Automated manufacturing systems, coupled with the use 
of robotic technology, are destined to change our methods of manufac- 
turing. Many experts are predicting that the use of computers, auto- 
mation, and robots will lead to a "second industrial revolution." Many 
consider that robots will play a major role in this technological devel- 
opment. No doubt companies that use robot technology effectively stand 
to reap benefits down the road. 

There are those who foster the idea that the use of robots in the 
United States—approximately 7000 in use today— has idled or will idle 
part of America's work force. Arguments against this idea can be sub- 
stantiated by the ever-increasing number of unemployed steel workers 
in the United States today. Failure to modernize has meant the demise 
of many steel companies. One should realize that it has not been the 
use of automation and robots that have idled many workers in the steel 
and automotive industries, but our inability to compete with countries 
who are using more modern manufacturing practices. Automation and 
robotics has enabled countries like Japan to produce more reliable low- 
cost products. 
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Figure 1-2. General public's conception of a robot. (This was the robot used 
to greet people at the 1983 Robotics show in Chicago.) 


The general public is somewhat knowledgeable about automation, 
and most agree that some form of automation is a must in order to be 
competitive. However, when one mentions the use of robots, a certain 
amount of anxiety and unrest is generated. Part of the problem is that 
most of the general public does not have the foggiest notion of what a 
robot is (see Figure 1-2). Thanks to science fiction writers and the motion 
picture industry, the misconception of robots has been well grounded 
in the public mind and kept alive since its origin in the early 1920s. The 
next section discusses how the misconceptions came about. 


What Constitutes a Robot? 


Robots have long played important roles in the movies and on television. 
Movies such as Star Wars and Return of the Jedi presented robots in a 
favorable light with the two comic robots R2D2 and C3PO. However, 
most literary works of the past have shown robots in a more unfavorable 
light. The robot many times has appeared as a threat to mankind rather 
than a help. To really understand why many people regard the robot 
as a threat, one has to go back to the robot's origin. 


What Constitutes а Robot? 


The word robot comes from the Czech word robotit, which means 
“to drudge” or “to do menial, unpleasant work." The word was coined 
in a play by the Czech dramatist Karl Capek in the early 1920s. The play 
was entitled R.U.R. (Rossum's Universal Robots). 

So that the reader can better understand how the misconception 
of the robot became so embedded in our minds, it would be well to 
briefly review Capek's play. With the help of his son, Rossum developed 
the formula for making mechanical workers, known as robots, whose 
only function was work. The inventors rejected every ingredient in the 
formula that did not directly contribute to the progress of work. Their 
concocted mechanical men and women were more perfect than humans 
in many ways. They were extremely strong and dedicated to the task 
of work. Some were even quite intelligent. About the only thing the 
robots lacked was the presence of a soul or emotional awareness. 

At the onset of the play a young, attractive lady sets out to rectify 
the inhumane treatment the robots were receiving. She confronted the 
robot factory's manager concerning the situation. Just as most playwri- 
ters use romance to enhance a story, Capek interjected romance in his 
play as well. At their first meeting the young manager wooed the young 
lady and captured her hand in marriage. 

Over the next ten years the factory flooded the world with robots. 
However, during this time the young lady was able to fulfill her original 
ambitions to liberate the robots. She persuaded the plant physiologist 
to secretly change the formula—a change that provided some robots 
with other interests besides work. 

As some might expect, the robots that possessed the human traits 
were able to organize the lesser robots and turn them against mankind. 
The robots eventually annihilated all of mankind except for one human 
being. After the annihilation of mankind the robots were faced with a 
tremendous problem. Their parts were wearing out and needed re- 
placing. The robots made one great error. They saved the wrong indi- 
vidual. The man they spared, the company's builder, could not duplicate 
the lost formula. But as fate would have it, two humanized robots of 
different sexes appeared on the scene and mankind was saved from 
extinction. 

Capek's play poses some theories that are still being considered 
today. Robots are more productive than humans. They can perform 
work more cheaply and are certain to take jobs away from mankind. In 
a sense this is true. But robots are relieving men and women from boring 
and unpleasant jobs. 

It is evident that Capek had some apprehension concerning the 
effect of machines on the working man. No doubt he felt that man was 
being dehumanized and that man would eventually lose the individu- 
ality that centered around his work. The misconceptions spawned by 
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the play are still alive today. And even today robots are receiving some 
unjust criticism. A lot of this is due to the lack of knowledge concerning 
the subject of robots. Before one is critical of what robots can do to us, 
one must first understand what a robot is. 

There are several definitions floating around concerning robots. 
Some experts define them as blind, stupid, one-arm machines capable of 
performing simple tasks. However, the most accepted definition has 
been published by the Robot Institute of America:! 


A programmable, multifunction manipulator designed to move materials, 
parts, tools, or special devices through programmed motions for the per- 
formance of a varietv of tasks. 


There are certain points that stand out in this definition. The robot is a 
machine. It can be programmed and reprogrammed to do several tasks. 
And because of its inherited programming capability, one can expect to 
find the robot functioning in many different jobs. These jobs will be 
located in manufacturing as well as other aspects of society. 

Dan Whitney of Draper Laboratory best summarized the definition 
of a robot in layman's terms in a recent interview. Whitney defined a 
robot as a machine. It is very obvious that when one views robots as 
machines our expectations may be different. It is apparent that machines 
are designed to perform certain functions, and we should not expect 
anything else. 

Some people feel that robots are the answer to society's problems. 
Although this is not true, robots can boost productivity, not because 
they are faster than humans but because they work at a steady pace. 
Thus, they outperform many workers, especially those doing repetitive, 
boring jobs. But most of all one must remember that robots are here to 
provide a service rather than to threaten mankind. 


Historical Development of the Industrial Robot 


For several years robots have been а fascinating subject а, writers. 
Today robots are finding their place in all walks ot society. They are 
being used from industrial applications to the far outreaches of space. 
Today the robots are even performing useful services in the area of law 
enforcement. Law enforcement agencies have utilized the robot to dis- 
mantle bombs as well as to hold suspects at arms. These accomplish- 
ments are quite impressive considering the technology is only approx- 
imately 25 years old. However, today's acceptance of the robot did not 
come easily. The inventor and the developer spent several agonizing 


! From A Glossary of Terms for Robotics, National Bureau of Standards NBSIR 81-2340. 


Historical Development of the Industrial Robot 


nights during its early development. Recent interviews with George 
DeVol and Joe Engelberger bear this out. George DeVol, a well-known 
inventor, holds the patent for the first industrial robot. Joe Engelberger, 
founder and president of Unimation, is considered the father of the 
industrial robot. 

DeVol patented his concepts of the industrial robot in 1954. He 
presently holds several patents related to the industrial robot. In ad- 
dition to his patents on the industrial robot, he holds patents on such 
devices as photoelectric controls, magnetic recording systems, and the 
first teachable machine. 

After DeVol patented his robot idea, he faced an insurmountable 
problem— financing his invention. Without success he attempted to sell 
his idea to some of the leading corporations in the United States. Some 
of those companies who rejected DeVol's idea are in the robot business 
today. 

In the mid-fifties DeVol met a young engineer by the name of Joe 
Engelberger at a party. Engelberger was employed Бу Aircraft Products, 
a division of Manning, Maxwell, and Moore. Engelberger was impressed 
with DeVol's idea. He persuaded Aircraft Products to become involved 
in the development of the industrial robot. But it was not until Aircraft 
Products was acquired by Consolidated Diesel Electric that the much- 
needed capital was made available. From this early venture Unimate was 
born in 1958. 

In 1961 the first robot developed by Unimation, known as Unimate, 
was sold to General Motors. It was used in a die casting operation. The 
word Unimate stands for "Universal Automation." The Unimate, like 
many other robots used early in industry, carried a name other than a 
robot. As of July 1982 Unimation had sold over 7500 robots. 

Unimation has held the number one position in the sale of indus- 
trial robots. However, Unimation was acquired by Westinghouse Electric 
for a reported $107 million in January 1983. 

At about the same time as Unimation was being formed, a company 
known as Versatran, a division of A.M.F., became interested in the 
robot. This interest was generated through its work with manipulators 
used on atomic energy projects. Versatran was formed in 1958. In 1979 
Versatran was purchased by Prab Conveyor. 

Prab, another leading robot manufacturer, began іп 1961. The com- 
pany was known as Prab Conveyor until the name was changed to Prab 
Robots Incorporated in 1981. Prab developed the Prab line of industrial 
robots in the late 1960s. The first machine was sold in 1969. They since 
have installed over 2000 robots throughout the world. Prab's industrial 
robots account for about 50 percent of their total sales. 

Some other major robot manufacturers involved in the early de- 
velopment of robots for commercial use were DeVilbiss, Asea, and Cin- 
cinnati Milacron. The first DeVilbiss robot system was installed in 1971. 
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DeVilbiss is one of the leading producers of finishing robots. In 1982 
DeVilbiss announced a new arc-welding robot. Asea was one of the early 
developers of the anthropomorphic robot unit. Anthropomorphic means 
"humanlike in form." Asea's first anthropomorphic all-electric unit was 
installed in 1973. Cincinnati Milacron entered the robot market in 1976. 
The Cincinnati Unit was a hydraulic anthropomorphic unit. Cincinnati 
ranks second in the sale of robots. Cincinnati's robot sales account for 
about 10 percent of their total business. 

During the late seventies and early eighties a big push in robotics 
has been in the area of assembly. In 1978 the Рита Robot was developed 
by Unimation for General Motors. Also in 1978 the SCARA Robot, a 
university-born assembly robot, was developed. The robot was devel- 
oped in the laboratory of Professor Makino, Precision Engineering De- 
partment, Yamanashi University, Japan. To help support the research 
efforts, a consortium called "SCARA Research Group" was formed. 
SCARA stands for "Selective Compliance Assembly Robot Arm." The 
group started with 5 companies in April 1978 and finished with 13 com- 
panies in March of 1981. After the consortium was dissolved, several of 
the companies in the group chose to sell their own versions of the robot. 
Of those companies marketing versions of the SCARA Robot, the Sankyo 
Seiki is probably one of the better robots for assembly. 

Several manufacturers entered the robot market in 1982. Compa- 
nies such as IBM, Westinghouse, General Electric, Bendix, and Hobart 
publicly demonstrated many of their models for the first time. Although 
this was the first official announcement for most of these companies, 
many had been building robots for in-house use for several years. ІВМ 
began experimenting with robots in 1972; General Electric and West- 
inghouse installations date back to the mid-seventies. 

Presently there are over 50 robot manufacturers in the United States 
and approximately 300 worldwide. With the entrance of several large 
corporations in the market, the distribution of sales is certain to change. 
The entrance of the additional large corporations may be the shot in the 
arm the robot industry has needed. For several years many U.S. man- 
ufacturers have regarded robots as a novelty. On the other hand Japan 
accepted the robot with open arms. 

Evidence of Japan's early acceptance of the robot can be seen by 
the rapid growth of robotics technology in that country. Japan's first 
industrial robot was developed in 1969. This was two years after the 
first Versatran Robot was imported to that country. Japan's enthusiasm 
is also evident in that the Japan Industrial Robot Association (JIRA) was 
founded in 1971, four years before the Robot Institute of America (RIA) 
and six years before the British Robot Association (BRA). So one can 
say that Japan did not agonize over robotics as other countries have. 
They took the American idea and developed that idea to its fullest po- 
tential. Today Japan is the world's largest user of industrial robots. 
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15. 
16. 


Since the turn of the century the United States has changed from 
a predominantly agricultural society to an industrial society and is 
now a service-oriented society. Approximately what percent of the 
labor force is engaged in agriculture? How has the agricultural 
industry been able to meet the agricultural needs with such a small 
labor force? 

The United States is still the most productive nation in the world. 
What foreign country is considered our greatest competitor? 
What word concerning manufacturing appears to be foremost on 
the minds of people in the United States todav? 

Mechanization can be considered a forerunner of automation. Explain 
each term and cite the difference. 

The GNP (gross national product) rate was a negative number in 
1982. What are some factors you feel contributed to this decline in 
productivity? 

What are the driving forces behind automation and robotics? 
Why is automation becoming more attractive to manufacturers 
today? 

Robots are considered to be a key element in automated manu- 
facturing. Give the definition for a robot and point out the key 
factors in the definition. 

What appears to be the general public’s concept of a robot? 

Who was the Czech playwright who coined the word robot? Why 
did he write the play? What does the Czech word robotit mean? 
Who were George DeVol and Joe Engelberger? 

In what year was the industrial robot patented? 

What was the name of the first company to produce a robot and 
in what year was the first unit sold? 

Some people believe that the use of automation and robots will 
replace human workers. Others believe if automation and robots 
are not incorporated into manufacturing we will lose a far greater 
number of jobs. What statements can you give in defense of both 
views? 

Summarize the historical development of the robot. 

What country is the greatest user of robots today? 
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Chapter 2 


BASIC CHARACTERISTICS AND 
FUNDAMENTALS 


Major Components 


The industrial robot bears verv little resemblance to robots represented 
in science fiction. Since the robot was developed to perform tasks nor- 
mally performed by humans, it is natural for the robot's features to be 
compared to those of a human. 

The jointed-arm robot, the most common robot configuration, is 
often referred to as anthropomorphic or humanlike in form. Although this 
type of industrial robot is regarded as humanlike in form, it mostly 
resembles a single arm attached to a stationary base. Figure 2-1 illus- 
trates the common parts of the jointed-arm robot. In comparison with 
the human body, the robot possesses such features as a hand, wrist, 
arm, elbow, shoulder, and waist. This arrangement can best be de- 
scribed as an inverted arm. The inverted arm does have a distinct ad- 
vantage over an arm arranged in the upright position. It enables the 
robot to pick up material or components located at its base. Anthro- 
pomorphic robots will be discussed later under motion configuration. 

The robot consists of three major components: the mechanical unit, 
known as the manipulator; the brain, known as the controller; and the 
power supply. Figure 2-2 shows the relationship among these compo- 
nents. 
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Figure 2-1. Joint and segment arrangement of a jointed-arm robot. 


To End Effactor 


Commands 
END 
CONTROLLER MANIPULATOR EFFECTOR 
Rr i] 


From End Etfactor 


POWER 
SUPPLY 


Figure 2-2. Relationships of robot components. 


It is not surprising that one of the components would be called the 
manipulator since that was a common name given robots during their 
infancy. The early robots were often called universal transfer machines or 
programmable manipulators due to the stigma attached to the word robot. 
As was pointed out, the manipulator is the mechanical unit. It is the 
component that does the work and gives the robot its dexterity. Of 
course, the amount of dexterity depends on the number of joints or 
degrees of freedom the robot employs. The different degrees of freedom 
will be discussed later in the text. 

The manipulator's main responsibility is performing the manipu- 
lative function of positioning the robot's hand. The robot's hand is tech- 


Major Components 


Figure 2-3. Sliding-segment arrangement. 


nically known as the end effector. In order to provide the manipulator 
with a certain amount of dexterity, several mechanical linkages and 
joints are employed. These series of segments may be jointed or may 
slide relative to one another. Figure 2-1 shows the joint and segment 
arrangements of the jointed-arm robot. Figure 2-3 illustrates the sliding 
segment arrangement. 

The mechanical unit, or manipulator, has often been labeled the 
skeleton, muscles, and nerves of the robot. Movement of the various 
joints and segments of the manipulator are accomplished by actuators. 
The actuator is a motor or transducer that converts electrical, hydraulic, 
or pneumatic energy into another form of energy that causes the robot 
to move. The actuators can be mounted directly at each joint or they 
can drive the robot indirectly through the use of gears, cables, chains, 
or ball lead screws. 

Other components used in conjunction with the manipulator mav 
vary according to type of power supply employed and levels of so- 
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phistication. If the robot is a closed-loop system, internal sensors may 
be used to communicate to the controller. Feedback sensors such as 
encoders or resolvers may be used in communicating the various seg- 
ments or joint location positions. 

Some robots may employ more than one type of sensor. This is 
especially true if one is interested in controlling velocitv as well as po- 
sitioning. Different types of sensors will be discussed later. 

The less sophisticated robot, the open-loop system, may use a sim- 
ple limit switch. The switch is activated when the robot's arm has 
reached its destination. 

In addition to sensors, various control valves are employed on the 
manipulator. Hydraulic and pneumatic control valves are used to reg- 
ulate and control the flow of air or oil to the various actuators. [n sum- 
mary, the manipulator not only includes the various segments and joints 
but also the various actuators, sensors, switches, and control valves. 

One of the kev factors leading to the increased use of robots in 
industry has been the improvements made in the robot controller. With 
the development of the silicon chip the controller is more powerful and 
considerably cheaper today. Programmable controllers, microproces- 
sors, and minicomputers that were a luxury a few years ago are now 
available on many robots at a reasonable cost. 

The controllers on today's robot can vary in complexity and ca- 
pability. The cheaper, less-sophisticated robot, the pick-and-place va- 
riety, may use a rotary drum. Programming of the drum is controlled 
by the setting of cams and switches. The setting of mechanical stops on 
the various axes is used to position the robot's hand. Under this ar- 
rangement normally only two positions per axis can be achieved. 

For the more sophisticated or intelligent robots the microprocessor 
or minicomputer is used. The minicomputer has greater memory power 
for storing positions and sequence data. This increased storage of points 
provides a smoother movement of the manipulator. Also, the increased 
computer power enables the robot to interact with its environment. 

In summary, the controller serves three functions. First, the con- 
troller functions as memory by storing the necessary positioning and 
sequence data. Second, the controller controls the movement of the ma- 
nipulator. It initiates and terminates various moves. Third, the controller 
communicates with the peripheral equipment. It can be used to turn on 
adjacent equipment or can perform a waiting function until adjacent 
equipment cycles. In the more sophisticated arrangement where exter- 
nal sensors are used, the controller can be programmed to recognize 
certain conditions and make the necessary adjustments or branching 
routines. 

Although we live in the age of computers, one must remember 
that other control devices are available. The main thing to remember is 
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to purchase a robot that is capable of doing the job. Avoid specifying a 
robot that is an overkill. Other factors, such as speed of operation, ac- 
curacy, repeatability, and ease of programming, must also be considered 
when selecting the proper control device. 

The power supply provides the energy to drive the actuator. The 
three basic power supplies are electrical, hydraulic, and pneumatic. The 
selection of the type of power supply is generally determined by the 
application. If the application is a lightweight pick-and-place operation 
that requires speed and accuracy, then a pneumatic source may be pre- 
ferred. If the application is in an explosive area, a pneumatic or hydraulic 
source is a must. For those operations that require the handling of heavy 
objects, the hydraulic unit is recommended. Hydraulic units are con- 
sidered faster than electrical units. The hydraulic unit can achieve good 
accuracy and repeatability when used with accurate feedback sensors. 

Although the hydraulic unit is generally used for handling heavy 
objects, there are hydraulically powered robots recommended for light 
applications. The IBM 7565 robot is a good example. The IBM 7565 robot 
has proven itself in the area of assembly parts with very close tolerances. 

The use of electrical power supplies is increasing, especially since 
greater emphasis is being placed on automated assembly. The electrical 
unit is not as strong or fast as the hydraulic unit but it does require less 
floor space. Another advantage is that the electrical unit can be used in 
a clean-air environment. The electrical unit also makes far less noise 
than the hydraulic units. 

Although there are three distinct types of power supplies, some 
robot manufacturers may use a combination of power sources. Some 
robots may employ an air over oil source, while others may be a com- 
bination of all three power sources. 

To understand the working relationships of the various compo- 
nents of the robot we shall apply the block diagram in Figure 2-4 to an 
actual application. In the application the manipulator's end effector has 
been replaced with a spot welding gun. In order to assure proper fit 
and alignment of parts being welded, some type of outside fixture has 
to be employed. Loading of fixturing could be done automatically or 
manually. For the purpose of this explanation an operator wil] be uti- 
lized. 

At the start of the cycle the operator loads the fixture, clamping 
the part in place. After the part is clamped, a signal is sent to the robot 
controller through an external feedback port. Upon receipt of the com- 
mand the controller sends a signal to the manipulator to move the weld- 
ing gun to the first preprogrammed point in the welding cycle. Upon 
arriving at the point, the controller sends a signal to the welding gun 
to initiate the weld. At the completion of the weld a signal is sent back 
to the control. The signal tells the controller the weld has been com- 
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Figure 2-4. Block diagram of welding application. 


pleted. The memory of the robot addresses the next welding location, 
and the process is repeated until all of the welds are completed. When 
the last weld is completed, a signal is sent through an external command 
port to the clamping fixture to release the part. The part is unloaded, 
and a new part is placed in the fixture. The memorv of the robot is reset 
for welding the next part. 


Classifications of Robots 


From some of the material presented one can see that robots vary in 
size, shape, and complexity of operation. The classifications of robots 
сап be just as varied depending on whose classification you are using. 
In Japan there are basicallv six distinct classifications of robots. Although 
there are only two major classifications in the United States, some ex- 
perts group robots into three classes: nonintelligent, intelligent, and 
highly intelligent robots. In order for the reader to understand the var- 
ious classifications of robots, they need to be explored in more detail. 
Before discussing the different U.S. classifications, the Japanese clas- 
sifications will be discussed. Not onlv is Japan the largest user of robots 
but Japan has a significant number of different classifications. In order 
to provide some insight into Japan's robot classifications, let's examine 
the Japanese Industrial Standards! definition for manipulators and ro- 
bots. 


! Japanese Industrial Standard JIS B 134-1979. 
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Japanese Definitions and Classifications 


А manipulator is a device for handling objects as desired without touching 
with the hands and it has more than two ot the motion capabilities such 
as revolution, out-in, up-down, right-left traveling, swinging or bending, 
so that it can spatially transport an object bv holding, adhering to, and so 
on. 


А robot is defined as a mechanical svstem which has flexible motion 
functions of living organisms or combines such motion functions with 
intelligent functions, and which acts in response to the human's will. In 
this context, intelligent functions mean the abilitv to perform at least one 
of the following: judgment, recognition adaptation or learning. 


The various groups of Japanese robots are classified according to 
input information and teaching methods. Later in the text the Japanese 
апа U.S. classifications will be compared. 

The lowest Japanese classification is the manual manipulator. In this 
classification the robot is directly operated by a man or woman. The 
inherited strength of the robot is transferred to the operator, thus in- 
creasing the operator's reach and lifting capabilities. See Figure 2-5 for 
an example of this tvpe of robot. 

The fixed-sequence robot can be defined as a robot in which the pre- 
determined sequences cannot be easily altered. A good example of this 
is the Pick-O-Matic fixed-sequence robot in Figure 2-6. 


Figure 2-5. Taurus manual positioning arm used to load axle shafts at a John 
Deere plant. (Courtesy of Positech Corp.) 
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Figure 2-6. Pick-O-Matic model 2700 B fixed-sequence robot. (Courtesy of 
PickOmatic Systems.) 


The next Japanese classification, which provides some program- 
ming flexibility, is the variable-sequence robot. The pick-and-place robots 
would fit into this category. They are the simplest version of the U.S. 
robots. As the name implies, they are well suited for picking up parts 
at one location and placing them at another location. The Seiko Model 
700 (Figure 2-7) is a good example of this classification. 

The playback robot has the distinction of duplicating the movement 
of the operator. A skilled operator, such as a painter, moves the ma- 
nipulator’s arm through a set routine in order to program the robot. 
While the operator is putting the robot through its task, the movements 
are recorded on magnetic tape or flexible disc. The robot will duplicate 
the operator's movements when placed in the playback mode. In Figure 
2-8 an operator is programming а Thermwood robot to palletize boxes. 

The numerically controlled robot, or computerized robot, is a model 
controlled by a computer. Programming is accomplished by transmitting 
instructions electronically. A computer terminal is used to input the 
data. Many servo robots employ this type of programming. 

The intelligent robot, the most sophisticated robot, employs external 
sensing mechanisms in addition to internal joint sensors. The external 
sensors provide the robot with a certain degree of decision-making ca- 
pabilities. The robot is able to interact with its environment and take 
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Figure 2-7. Seiko's model 700 variable-sequence robot. (Courtesy of Seiko In- 
struments.) 


Figure 2-8. Programming of Thermwood robot to palletize boxes. (Photo taken 
at Robot 7 show in Chicago.) 


corrective measures. Vision or touch sensors are generally used to pro- 
vide the robot with the artificial intelligence. The IBM 7565 robot with 
its tactile and LED sensing falls in this classification (see Figure 2-9). 
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Figure 2-9. IBM's 7565 advanced robotic system. (Courtesy of International Bust- 
ness Machines Corp.) 


U.S. Classifications 


For all practical purposes the U.S. classifications of robots can be 
grouped in two major categories: полѕегоо and servo. Although some 
experts contend there are three major categories, they regard the non- 
servo robot as a nonintelligent robot, whereas the servo robots can be 
classified either as intelligent or highly intelligent robots. The difference 
between the intelligent and highly intelligent robot will be discussed 
later. But consideration will first be given the two major categories, the 
nonservo and the servo robots. 

The nonservo robot is an open-loop system. That is, no feedback 
mechanism is used to compare programmed positions to actual joint 
locations. In order to better understand this, a rather simple example, 
a modern washing machine, will be used. Although the washing ma- 
chine is not a robot, it is a good analogy of an open-loop system. 

At the beginning of the operation, the dirtv clothes and the nec- 
essary detergents are placed in the tub of the washing machine. The 
timer is set for the proper cleaning cycle, and the machine is activated 
by the start button. The machine fills with water and begins to go 
through the various phases of the cycle such as washing, rinsing, and 
spinning. The machine finally stops after it goes through the set se- 
quence of the timer. The washing machine is considered an open-loop 
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system because the clothes are never examined during the cleaning cycle 
to see if they are clean. Also the length of the washing cycle is not 
automatically adjusted to compensate for the amount of dirt in the 
clothes. The sequence and length of time are determined by the fixed 
sequence of the timer. No means of feedback is provided. 

Nonservo robots are the simplest form of robots according to the 
U.S. definition. They are often referred to as "limited-sequence," “ріск- 
and-place," or "fixed-stops robots." To help you better understand the 
operation principles of the nonservo, study the diagram in Figure 2-10. 

The diagram is used to represent a three-axis pneumatic robot. 
For the sake of clarity only one axis is emphasized. At the beginning of 
the cycle the controller begins to move through the various steps or 
sequences. At the first step the controller sends a signal to the control 
valve of the manipulator. As the control valve opens, air is allowed to 
pass to the actuator or cylinder, causing the rod of the cylinder to move. 
As long as the valve remains open, this segment of the manipulator will 
continue to move until it is restrained by the end stops on the rod of 
the cylinder. After the rod of the cylinder reaches its length of travel, a 
limit switch is activated, telling the controller to close the control valve. 
The controller sends a signal to the control valve, which closes it. The 
controller then moves to the next step in the program and initiates the 
necessary signals. These signals may be to certain control valves or to 
the end effector (robot's hand). If the signal is to the end effector, it 
might cause the gripper to close in order to grasp an object. The process 
is repeated until all the steps in the program have been completed. 

The servo robot, the more sophisticated robot, is a closed-loop robot. 
That is, the signal of the controller to the signal amplifier is dependent 
on the output of the system. In a sense a servomechanism is a type of 
control system that detects and corrects for errors. 

The principle of servo control can be compared to many tasks per- 
formed by human beings. People use the principle of servomechanism 
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Figure 2-10. Nonservo diagram. 
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Figure 2-11. Human employing the principle of the servo mechanism. 


in everydav living, from the task of operating an automobile to other 
manipulative tasks. To better understand the principle of servome- 
chanism, a simple task of cutting a circle on a power bandsaw will be 
used, as illustrated in Figure 2-11. 

The machine operator compares the actual position of the part to 
be cut with the cutting edge of the blade. The eve transmits a signal to 
the brain. The brain compares the desired position of the stock to the 
actual position of the stock. The brain then sends a signal to the arms 
to move the stock to the cutting edge of the blade. The eye is used as 
a teedback device, while the brain compares desired locations with actual 
locations. The brain sends signals to the arm to make the necessary 
adjustments. This process is repeated as the operator follows the scribed 
line during the sawing operation. 

The diagram in Figure 2-12 is used to help explain the operating 
principle of the servo robot. The diagram is a simplified version of a six- 
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Figure 2-12. Servo diagram. 


axis hydraulic power supply robot. Only one axis of the robot is shown 
in detail. 

When the start of the cycle is initiated, the controller addresses the 
first desired location and interprets the actual locations of the various 
axes. The desired location signal generated by the controller is compared 
with the feedback signals from the resolver measuring units on the var- 
ious axes of the manipulator. The difference in the signals, known as 
error signals, are amplified and applied to the servo control valves. The 
valves opens proportionally to the level of the command signals gen- 
erated by the amplifiers. The opened valves admits fluid to the actuators 
on the manipulator. The actuators move the various members of the 
manipulator. New signals are generated as the manipulator moves. 
When the error signals reach zero, the servo control valves close, shut- 
ting off the flow of oil. The manipulator comes to rest at the desired 
location position. The controller addresses the next point in memory. It 
may be another desired position location or a signal could be generated 
to operate some peripheral equipment. The process is repeated until all 
steps of the program are completed. The tachometer measuring units 
are used in conjunction with the controller to control acceleration and 
deceleration of the movements. 

The servo robot has a more sophisticated controller than the non- 
servo. The controller has the capability of executing several hundred 
steps. The controller may use point-to-point (РТР) or continuous-path 
(CP) motions. Some controllers have both PTP and CP capabilities. The 
different types of motion control will be discussed later in the text. 

As previously mentioned, the servo classification can be divided 
into two distinct groups, intelligent and highly intelligent robots. The main 
difference between the two servo classifications is that highly intelligent 
servo robots utilize external sensors in addition to the regular joint in- 
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Table 2-1 
COMPARISON OF ROBOTS BY DEFINITION 
Item U.S. Definition 
No. Japanese Definition Nonsophisticated Sophisticated 
1 Manual Manipulator 
2 Fixed Sequence 
3 Variable Sequence Nonservo 
4 Playback Servo—Intelligent 
5 Numerically Controlled Servo—Intelligent 
6 Intelligent Servo—Highly Intelligent 


ternal sensors. The two most common types of sensors are vision and 
tactile. These sensors can provide the robot with certain decision-making 
capabilities. They help the robot determine its own actions and take 
corrective measures. 

Table 2-1 is used to compare the U.S. and Japanese classifications. 
According to U.S. definitions, items 3-6 are considered to be robots 
while items 1 and 2 are not. ltem 3 is classified as an open-loop (non- 
servo) robot, whereas items 4-6 are closed-loop (servo) robots. 

The first part of this chapter has been devoted to the various robot 
components, classifications, and levels of sophistication. The remainder 
of the chapter will address the basic fundamentals of motion configu- 
ration, degrees of freedom, and work envelope. 


Geometric Motion Configurations 


Robots are available in various shapes and sizes. Although robots vary 
widely in shape, they are generally grouped in one of four major robot 
configurations. Some robots may employ more than one configuration. 
The different configurations are derived from the joint arrangement or 
the different geometric configurations the robot’s work envelope ap- 
proximates. The jointed-arm or jointed spherical robot configuration is the 
most common. The robot is often referred to as anthropomorphic or 
humanlike in form because it closely resembles the movements of the 
human body. The robot consists of various rigid segments, joints, and 
a base. The rigid segments resemble the human forearm and upper arm. 
The various joints, except for the sweep, depict the action of the wrist, 
elbow, and shoulder. The sweep represents the waist. Figure 2-13 
shows the various segments and joints of Cincinnati Milacron’s Т? robot. 

The jointed-arm robot, also known as a revolute coordinate arrange- 
ment, performs work in an irregular work space. The work space gen- 
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Figure 2-13. Cincinnati Milacron T? robot. (Courtesy of Cincinnati Milacron.) 


erally refers to the region the robot is capable of reaching. The reach is 
determined by some designated point on the robot's wrist. The jointed- 
arm robot does provide a reach that is more flexible than many of the 
other types of configurations. However, different points of locations in 
the work space can have a definite effect on accuracy, repeatability, load- 
carrying capacity, and dynamics. Figure 2-14 shows the irregular work 
envelope of a typical jointed-arm robot. 

The cartesian coordinate robot consists of three intersecting perpen- 
dicular straight lines. The origin is the intersection. The cartesian co- 
ordinate system is often referred to as the XYZ system (see Figure 2- 
15). By having all three axes start and stop simultaneously, a smoother 
motion of the tool tip can be achieved. This allows the robot to move 
directly to its designated point instead of following a trajectory parallel 
to each axis. Figure 2-16 will help illustrate this point. The cartesian 
coordinate robots have certain advantages over some of the other co- 
ordinate systems. One worth noting is that the accuracy, repeatability, 
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Figure 2-14. Reaching flexibility of the jointed-arm robot. 
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Figure 2-17. Westinghouse Series 6000 cartesian robot. (Courtesy of Westing- 
house Electric Corp.) 


load-carrying capacity, and dynamics of the robot are not greatly affected 
by different locations within the work space. Except for the XYZ ge- 
ometry coordinate, most robots' arms are able to lift more weight at 
certain locations in the work space than at other locations. This is not 
true of the cartesian robot. The weight-lifting capacity does not vary 
with different locations. Robots that employ a rotary axis can be greatly 
affected by the inertia of the object when moving in a rotary direction. 
The subjects of dynamics resolution, repeatability, and accuracy will be 
discussed later in the text. 

Some robot manufacturers who employ the cartesian arrangement 
are Westinghouse, IBM, Mobot, CyBotech, General Electric, and Ad- 
vanced Robotics. Figures 2-17, 2-18, and 2-19 illustrate some cartesian 
robots available today. 

The cylindrical coordinate robot consists of two orthogonal slides 
mounted on a rotary base axis. Reach is accomplished by the arm of the 
robot moving in and out. Vertical movement is accomplished by a car- 
riage moving up and down a stationary post, or the post can move up 
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Figure 2-18. Cyro 750 cartesian robot. (Courtesy of Advanced Robotics Corp.) 


Figure 2-19. GCA/XR™ Series cartesian robot. (Courtesy of GCA Corp.) 
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Figure 2-20. (Left) Prab's Model "E" cvlindrical robot. (Courtesy of Prab Robots 
Inc.) 

Figure2-21. (Right) Seiko's 700 cylindrical robot. (Photo taken at Robot 7 show 
in Chicago.) 


and down in the base of the robot. Prab's Model E robot employs the 
carriage arrangement, whereas Seiko's 700 employs the moving post 
(see Figures 2-20 arid 2-21). The two linear axes rotate on the base. The 
three axes are capable of specifying points in a cylinder. Figure 2-22 is 
a line drawing showing the relationship of these three axes. 

The selection of a certain configuration depends on the application 
of the robot. The jointed-spherical configuration is well suited for picking 
up parts or components at its base. The cylindrical robots are best em- 
ployed when the points of delivery are located radially from the robot. 
However, the inertia of the part can play havoc with the position's ac- 
curacy if the rotary movement is at too great a speed. Also, inertia is 
affected by the extension or retraction of the horizontal axis. The effect 
of inertia is greatest when the arm is fully extended and least when it 
is fully retracted. 

Several robots employ the cylindrical configuration. Some of the 
more noted manufacturers are Prab, Mobot, Anorad, Seiko, and 
Schrader Bellows. Figures 2-23 and 2-24 illustrate some cylindrical ro- 
bots available today. 

The spherical robot configuration resembles the turret on a tank. The 
robot has a pivot point which gives the robot its vertical movement. 
Reach is accomplished by a telescoping boom that extends and retracts. 
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Figure 2-22. Relationship of cylindrical robots. 


Left-to-right movement is provided by a rotary axis. Figure 2-25 shows 
the movement of the three axes. The movement of the three axes ap- 
proximates a work space of a sphere. 

The spherical robot has some of the same problems as the cylin- 
drical robot—inertia and spatial resolution. However, the problems as- 
sociated with inertia can be resolved by reducing tool movement speed 
or by programming specific points for the tool to pass through on its 
move to a designated point in the rotary plane. Instead of the boom 
remaining extended in its rotary motion, the points can be used to retract 
the boom during its movement, thus reducing the effect of inertia on 
the rotary joint. The Snow Manufacturing cylindrical robot in Figure 2- 
26 illustrates this point. 

The spherical robot is one of the oldest configurations employed 
by robot manufacturers. Westinghouse Unimation and Prab, two of the 
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Figure 2-23. (Left) Schrader Bellow Motion Mate Robot. (Courtesy of Scovill, 
Schrader Bellows Division.) 
Figure 2-24. (Right) Prab's FA cylindrical robot. (Courtesy of Prab Robots Inc.) 


oldest robot manufacturers, have several spherical configuration models 
available today (see Figures 2-27 and 2-28). Other manufacturers that 
produce spherical models are United States Robots, Bendix, Armax, and 
General Electric. 

In summary, the four basic robot configurations are the jointed-arm, 
the cartesian, the cylindrical, and the spherical. However, certain robot 
manufacturers may incorporate more than one configuration in a given 
model. The Reis robot model RR625/650 series is a unique combination 
of a cylindrical coordinate and a jointed-arm robot. This type of robot 
occupies a very small floor space, about the same space needed for a 
man or woman. The robot has an extended reach of 120 in. and a work 
envelope of 360% (see Figure 2-29). IBM's 7535 employs а combination 
of two different configurations. Although the ІВМ 7535 robot (Figure 2- 
30) is referred to as a jointed-arm robot, it can be considered jointed- 
cylindrical in operation. One expert refers to this arrangement as a folded 
book. 


Figure 2-25. Axis movements of spherical robots. 


Figure 2-26. Illustration of boom being retracted and extended during the ro- 
tary movement. (Courtesy of Snow Manufacturing Co.) 
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Figure 2-27. Westinghouse's Unimate spherical robot. (Photo taken at Robot 
7 show in Chicago.) 


Figure 2-28. Prab’s 4200 spherical robot. (Courtesy of Prab Robots Inc.) 


Degrees of Freedom 


Degrees of freedom can be defined as the way in which a body moves. 
For each degree of freedom, a joint is required. The degrees of freedom 
located in the arm defines the configuration. Each of the different motion 
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Figure 2-29. КЕІ5-КК 625/650 Series cylindrical jointed-arm robot. (Courtesy of 
Reis Machines.) 


configurations previously discussed utilizes three degrees of freedom in 
the arm. 

For applications that require a certain degree of flexibility, addi- 
tional degrees of freedom are required in the wrist of the robot. Three 
degrees of freedom located in the wrist give the end effector its flexibility. 
Thus, a total of six degrees of freedom are needed to locate and orient 
the robot's hand at any point in its work space. Although six degrees 
are required for maximum flexibility, most robots employ three to five 
degrees of freedom. The more degrees of freedom, the greater the com- 
plexity of motions. 
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Figure 2-30. 1BM's 7535. (Courtesy of International Business Machines Corp.) 


Even though robots are considered to have a certain amount of 
dexterity, it is nothing compared to human dexterity. The movements 
of the human hand are controlled by 35 muscles. Fifteen of these muscles 
are located in the forearm. The arrangement of the muscles in the hand 
provides great strength to the fingers and thumb for grasping objects. 
Each finger can act alone or together with the thumb. This enables the 
hand to do many intricate and delicate tasks. 

The hand has 27 bones. Eight bones are located in the wrist, 16 in 
the fingers, and 3 in the thumb. There are 22 degrees of freedom or joints 
in the hand. Seven of these are in the wrist only. Figure 2-31 depicts 
the various bones found in the hand and wrist and their articulations. 

From the line drawing in Figure 2-31 one can see that the hand is 
a very complex multipurpose tool. We use our hands to perform various 
repetitive tasks. But the bones-and-joint arrangement gives the hand the 
dexterity not found in machines. So if the movements of the robot seem 
rather awkward and clumsy, remember the robot is accomplishing these 
movements with only six degrees of freedom. 
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Figure 2-31. Bones and joints in the human hand. 


Although some industrial robots have seven or eight degrees of 
freedom, there are six basic degrees. Three are located in the arm and 
three in the wrist. The other one or two degrees are achieved by mount- 
ing the robot on tracks such as the Prab model in Figure 2-32 which 
has a total of seven degrees of freedom. 
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Figure 2-32. Prab's Model E robot mounted on a horizontal traverse track. 
(Photo taken at Robot 7 show in Chicago.) 


The three degrees of freedom located in the arm are the rotational 
traverse, the radial traverse, and the vertical traverse. The rotational trav- 
erse has to do with the movement of the arm assembly about a vertical 
axis. This is the left and right swivel of the robot's arm about its base. 
The radial traverse has to do with the extension and retraction of the 
arm. This is the in and out motion relative to the base. The vertical 
traverse provides the up and down motion of the arm, 

The three degrees of freedom located in the wrist bear the names 
of aeronautical terms: pitch, уау, and roll. The pitcli, or bend, is the up 
and down movement of the wrist; the yaw is the right and left movement 
of the wrist; and the roll, or swivel, involves the rotation of the hand. 
Figure 2-33 illustrates the six basic degrees of freedom. 

Although the robot has only six major degrees of treedom, the 
range of movement in each joint is considerably greater than in the 
mn being. The human hand has a bending range of approximately 

2, 90° palmar flexion and 75° dorsiflexion. Тһе yaw movement of the 
ey encompasses about 65°, approximately 20° in the direction of the 
thumb and about 45° in the opposite direction. The human wrist has a 
rotational range of approximately 150°. To better understand the range 
of movement in the human wrist, see Figure 2-34. 

Even though the robot is quite clumsy in its movements, it does 
have an advantage over the human hand in the range of wrist move- 
ment. Figure 2-35 compares the six major degrees of freedom of the 
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Figure 2-33. Six major degrees of freedom. 
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Figure 2-34. Range of movements of the wrist. 
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(b) Pitch or Bend Movement 


Figure 2-34 continued. (c) Swivel or Roll Movement 
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(b) Wrist Movements 


Figure 2-35 continued. 5. Pitch 


42 


Work Space or Work Envelope 43 


6. Roll 


(b) Wrist Movements 


Figure 2-35 continued. 


robot with that of a person using a spray gun. This example provides 
a better understanding of the movements of the robot's arm and wrist. 


Work Space or Work Envelope 


One of the most important characteristics to consider when selecting a 
robot is the work envelope. An examination of literature from various 
robot manufacturers will reveal that the term work envelope is not uni- 
versally used. Some common interchangeable terms are work space, work 
volume, operational range, and work range. For the purpose of our discus- 
sion we shall use the term work envelope. 

The work envelope can be defined as the region the robot's hand 
is capable of reaching in all directions. To identify this maximum reach, 
a point on the robot's wrist is used rather than the tip of the gripper or 
the end of the tool bit. So, in essence, the work envelope is slightly 
larger when the tip of the tool is considered. 

The work envelope can be increased by mounting the robot on a 
moving base. Figure 2-36 shows a Reis 625 robot mounted on a hori- 
zontal traverse. This type of arrangement can provide the robot with an 
extra degree of freedom and enables the robot to service more than one 
work station. 
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Figure 2-36. Reis RR 625 robot with seventh axis traversing base. (Courtesy of 
Reis Machines.) 


The arrangement of the joints and the length of segments in the 
manipulator determine the shape of the work envelope. The different 
work envelopes are generally identified by the various geometric shapes 
the robot's arm is capable of duplicating. The points that the cartesian 
coordinate robot is capable of reaching in all directions generates a work 
envelope in the shape of a rectangular box, whereas the cylindrical coor- 
dinate robot approximates a work envelope the shape of a cylinder. The 
work envelope of the spherical robot closely resembles the shape of a 
sphere. 

Some robot work envelopes do not resemble one single geometric 
shape. This is true of the jointed-spherical or revolute coordinates. The 
shape of the work envelope can best be described as irregular. Figure 
2-37 shows some of the different shapes of work envelope generated 
by various robots today. 


REVIEW QUESTIONS 


1. The industrial robot consists of three major components. Name the 
three components and explain the purpose of each. 


Review Questions 


N 
M 


Хы = === Бим: 


(а) Cartesian Coordinates 


Figure 2-37. Different work envelopes. 


Some robots are considered anthropomorphic. What does the term 
anthropomorphic mean? 

What is the technical name for the robot's hand? 

The manipulator of the robot may include such components as 
actuators, control valves, and internal sensors. Briefly explain the 
purpose of each. 


Name the three power supplies used on robots today. Cite ad- 
vantages and disadvantages of each. 
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(b) Cartesian Coordinates 


Figure 2-37 continued. 


6. Controllers can vary in complexity and capability. Give an example 
of a low-level controller and a sophisticated controller. 

7. List and explain the different Japanese and American classifications 
of robots. After comparing each classification, specify which of the 


Japanese classifications are not considered robots according to the 
U.S. definition. 


Review Questions 


———————————————————————————————————m-—. 


(c) Cylindrical Coordinates 


Figure 2-37 continued. 


8. Nonservo robots are considered open loop. What does the term 
open loop mean? 


9. Servo robots are considered closed loop. Sketch a diagram of a 
servo robot and explain how the servo robot works. 
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10. 


11. 


122 


13. 


14. 


(d) Spherical Coordinates 


Figure 2-37 continued. 


Servo robots can be classified as intelligent or highly intelligent 
robots. Explain the difference between the two. 

Robots vary in shape and size. What are the four basic configu- 
rations of a robot? Which configuration is most common? 

What are some advantages of the cartesian coordinates over the 
other configurations? 

Give two examples of robots that employ a combination of config- 
urations. 

Robots may have seven or eight degrees of freedom. How many 
degrees of freedom are in the human hand and wrist? 


Review Questions 


I — 
——— — 


(e) Revolute Coordinates or Jointed-Arm 


Figure 2-37 continued. 


15. List and explain the six basic degrees of freedom used on robots. 
16. Define work space or work envelope. 
17. What are the four common work envelopes employed by robots? 
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(f) Combination Jointed-Arm and Cylindrical Coordinates 


Figure 2-37 continued. 


Chapter 3 


OTHER ROBOTIC FEATURES 


The previous chapters dealt mainly with historical development and 
basic robot characteristics. This chapter will examine other features as- 
sociated with the subject of robotics. Topics such as methods of pro- 
gramming, motion control, performance measures, end effectors, and 
external sensors will be discussed. 


Metliods of Programming 


For all practical purposes the programming of robots falls into four major 
categories: manual, lead-through, walk-through, and software program- 
ming. Although these are the major methods of programming robots, 
the area of voice and two-way communications is also being explored 
today. Voice programming will be covered as well. Figure 3-1 shows 
examples of these various methods of programming. 

Manual programming can best be described as a machine setup. Pro- 
gramming is accomplished by an operator physically setting the nec- 
essary end stops, switches, cams, electric wires, or hoses to complete a 
set sequence of steps. This type of programming is characteristic of the 
less sophisticated robots known as limited-sequence or pick-and-place ro- 
bots. Even though these robots are regarded as rather simple in nature, 
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(b) 


(c) 


Figure 3-1. (a) Manual programming—operator manually adjusts necessary 
end stops, switches, cams, etc. (b) Walk-through programming—operator physi- 
cally moves the robot's arm and hand through their movements. (Photo taken at 
Robot 7 show in Chicago.) (с) Lead-through programming —operator uses teach 
pendant to step the robot through the various moves. (Courtesy of Bendix Corp.) 
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(e) 


Figure 3-1 (continued) (d) Software or off-line programming—involves the 
preparation of a program by means of a computer language. (e) Voice program- 
ming— voice recognition is accomplished by having an operator speak a phrase 
several times to determine voice frequency. 


they are capable of performing many of the tasks found in manufac- 
turing. If an application is suited for the less sophisticated robot, there 
is no reason to invest in one of the more complex models. A general 
rule to follow is to avoid purchasing more robot capabilities than those 
needed for the particular application. 

Lead-through programming is where the operator uses a teach pen- 
dant to lead the robot through the various desired positions or locations; 
as the robot's hand reaches each desired point in the sequence of motion, 
the point is recorded into memory. The points recorded in memory are 
used to generate the path the robot follows during operation. 

The lead-through method of programming is a popular method of 
programming. It is rather easy and convenient for programming a lot 
of tasks found in industry. However, if the operation is complex or 
positioning tolerances are close, the time required for programming may 
increase substantially. 

Walk-through programming is utilized on the playback robots. Usu- 
ally an experienced operator physically moves the robot's hand through 
the desired motions. While the operator is moving the robot through 
the desired path, various points are sampled and recorded into memory 
for later playback. A single program mav consist of several thousand 
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points. Since a large number of points is involved in a single program, 
magnetic tape or a floppy disc is generally used to store programs. 

The number of times the robot samples points may vary from one 
manufacturer to another. The Nordson coating robot samples 32 times 
per second. The DeVilbiss Trallfa robot samples 80 times per second. 
As the number of points is increased, the movement of the robot be- 
comes more fluid or smoother. Also, as the number increases, so does 
the need for greater storage capacity. 

Spraying and arc-welding applications are the most common ap- 
plications for walk-through programming. Other applications that em- 
ploy walk-through programming are grinding, deburring, and polish- 
ing. Some manufacturers even use this method of programming for 
palletizing materials. 

Software programming involves the programming of the robot by 
means of a computer. This method of programming is also known as 
off-line programming since the programming generally occurs away 
from the robot. 

The program is prepared in a high-level language. The first robot 
programming language, known as WAVE, was developed at the Stan- 
ford Artificial Intelligence Laboratory in 1973. The language was de- 
veloped for research purposes rather than for manufacturing applica- 
tions. 

Most robot manufacturers that provide off-line means of program- 
ming have developed their own proprietary language. This has been 
due to the lack of standards in the robot industry. Some common lan- 
guages founded in the robot industry are AML (IBM), HELP (General 
Electric), VAL (Unimation), AL (Stanford University), RAIL (Automa- 
tix), and MCL (McDonnell Douglas). 

Off-line programming does have certain advantages over the other 
methods of programming. The computer provides greater flexibility. The 
high-level languages enable the robots to carry out complex operations. 
Also, programming time can be reduced. Another advantage of off-line 
is that the robot does not have to be taken out of service during repro- 
gramming. The reduction in programming time and increased utilization 
of the robot enhance the robot's productivity. 

Voice programming has mainly been regarded as a novelty. But as 
the state of the art increases and cost decreases, its utilization is certain 
to grow. 

Voice programming emplovs the use of a voice recognition device. 
Voice recognition is accomplished by having an operator read or repeat 
à phrase of words several times. After this is completed, the electronic 
equipment computes the average voice frequency of the operator. Rec- 
ognition of the person's voice is determined by the voice frequency. 
Experts say that voice identification is just as accurate as the use of 
fingerprints for identification purposes. 
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After voice recognition is accomplished, the robot will respond to 
the operator's voice in carrying out those commands it has been pro- 
grammed to do. From the previous discussion it is evident that the robot 
will respond only to the commands of the voice it has been taught to 
recognize. If a different operator is used, the robot has to be taught to 
recognize his or her voice. The recognition device may have trouble if 
the operator has a cold or sinus problem. 

Voice recognition devices are commercially available today. Voice 
programming is being taken seriously in areas dealing with the physi- 
cally handicapped. Voice programming has been successful in working 
with quadriplegics. Probably one of the biggest hindrances has been the 
cost of the equipment. The cost of a robot with voice communication 
that can work with the handicapped will run in excess of $50,000. Also, 
there must be two-way communication in working with quadriplegics. 
The robot must be able to recognize the user's voice and verbally repeat 
the commands before carrying them out. When voice programming is 
used for other applications, the procedure of having the robot repeat 
the commands is also employed to avoid possible damages and injuries. 

There are certain advantages that make voice programming at- 
tractive. Verbal communication is a cheap means of communication. lf 
the user is totally paralyzed, voice control is the only means of com- 
munication. Voice programming can reduce programming time and op- 
erator anxiety. Since manufacturing trends are shifting from part volume 
to greater part variety, reduction in setup time and programming time 
is a must. The operators may be a little reluctant to use some of the 
other programming methods, but with voice programming that fear is 
reduced. Voice programming can truly be described as a user friendly 
method of programming. 

In the future, voice communication from the robot will probably 
be used to warn the operator or supervisor of possible problems in 
an operation. Voice communication could also be used for robot diag- 
nostic purposes. If the robot is experiencing trouble with one of its com- 
ponents, the trouble could be verbally communicated to the service per- 
son. 


Motion Control 


Closely related to the method of programming is the motion control of 
the industrial robot. For all practical purposes the robot's end effector 
moves to or through a sequence of points. For the purpose of this text 
three classifications concerning patterns of motion will be considered. 
The three classifications are pick-and-place motion, point-to-point mo- 
tion, and continuous-path motion. 
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__End Stops 


Pick and Place Motion 
(2 Positions Per Axis) 


Figure 3-2. Pick-and-place motion (two positions per axis). 


Limited-sequence robots use pick-and-place motion. Pick-and-place 
motion can be regarded as a limited point-to-point motion. That is, the 
number of points the robot is capable of duplicating are rather few in 
number. Fewer points are involved because programming is accom- 
plished by manually setting mechanical stops, limit switches, etc. In 
order for the robot’s end effector to arrive at some designated point, 
end stops on the various axes have to be adjusted. Each axis has two 
positions to control the length of travel. It is possible to have more than 
two positions per axis, but the extra controls needed to accomplish this 
feat are not worth the effort. 

The movement of the end effector of a limited-sequence robot from 
one position to another follows a fixed or set order. And generally only 
one axis of the robot moves at a time. Figure 3-2 shows a possible pick- 
and-place motion sequence. Even though it is point-to-point motion, the 
positioning points are along the various axes rather than as points in 
space. 

Point-to-point (РТР) motion involves the movement of the robot 
through a number of discrete points in space. (See Figure 3-3.) The 
programmer uses a combination of the robot axes to position the end 
effector at a desired point. Those positions or points pertinent to the 


Motion Control 


Figure 3-3. Point-to-point motions (discrete number 
of points in space). 


program are recorded and stored in memory. During the playback mode 
the robot steps through the points recorded in memory. The path of 
motion is a straight line between the recorded points. Just as in pick- 
and-place motion, point location is more important than controlling the 
path of travel. 

During the playback mode the trajectory of the robot's end effector 
in PTP is generally different from the path used by the operator to move 
the end effector from one point to another. This is due primarily to the 
operator independently moving each axis or joint of the robot during 
programming. However, if a joystick is incorporated during program- 
ming, an interpolation of the arm axes can be performed, thus causing 
the robot to move in more of a straight path between points. The joystick 
can help reduce programming time. 

Point-to-point positioning servo robots are capable of storing 
hundreds of discrete points in space. Several stops along a given axis 
can be accomplished rather than the two stops in pick-and-place motion. 
Acceleration and deceleration can be controlled between points bv using 
à device such as a tachometer on the various axes. 

In order to better understand point-to-point motion control, let us 
use the simple example given for pick-and-place motion in Figure 3-2. 
The task will be to take a peg out of a holder and insert it into another 
holder at a different location. Instead of using end stops to control 
lengths of travel, the desired point locations will be recorded into 
memory. 

The setup consists of a peg being located in a holder at station A. 
The robot's arm is retracted and the gripper opened. Point of insertion 
is at station B. The steps are as follows: 


1. Move the robot arm until the gripper is located above the peg and 
record the point. 

2. Adjust the wrist joints of the robot until the gripper is properly 
aligned for grasping the peg. Record this position into memory. 
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3. Move the robot's gripper down over the peg where the gripper 
will be able to grasp the peg when closed. Realign the gripper 
with the peg by adjusting the various joints. Record this point into 
memory. 

Close gripper on peg and record point. 

5. Carefully remove the peg from the hole in a vertical direction. After 
peg has been sufficiently removed from the hole and is at its desired 
elevation, record that point into memory. 


6. Move the robot's arm until it is approximately over the center of 
the hole at station B. Record this point into memory. 


7. Carefully lower the peg and adjust the various joints until peg is 
freely inserted into hole in the proper attitude. Record this point 
into memory. 

8. Open gripper to release peg and record point. 


9. Move the robot arm until the gripper is located at some point di- 
rectly above the peg and record this point. 


10. Stop robot and place peg back in hole of station A. 
11. Take the robot out of the teach mode and press play button. 


The robot will return to its original start position and will step 
through the various points recorded into memory. The robot will have 
to be stopped after step 9 in the program because it has no way of 
knowing the absence of the peg at station А and the presence of it at 
station B. In order to eliminate this problem the program could be ex- 
tended to include the movement of the peg back to its original location. 

Continuous-path (CP) motion can be regarded as an extension of 
point-to-point motion. The difference is that continuous path involves 
the utilization of more points. А continuous-path program can have 
several thousand points. Since more points are used, the distances be- 
tween points are extremely close. (See Figure 3-4.) Due to the large 
number of points, the robot is capable of producing smooth movements 
that give the appearance of continuous or contour movements. 

Continuous-path motion is concerned more with control of the 
path movement than with end point positioning. The unit generally does 
not come to rest at various points in the program, as is often required 
in PIP. 

Programming of the path of motion is accomplished Бу an operator 
physically moving the end effector of the robot through its path of mo- 
tion. While the operator is moving the robot through its motion, the 
position of the various axes are recorded on some constant time frame. 
Some continuous-path robots record up to 80 points per second. Pro- 
grams are generally recorded on magnetic tape or magnetic disc. А pro- 
gram may last several minutes. 
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Figure 3-4. Continuous-path motion (infinite number 
of points). 


After the movements of the robot have been recorded on magnetic 
tape, the playback speed of the tape can be changed to provide the best 
operation speed for the task. For certain applications it may be better 
to program the robot at a slower speed and use a faster playback speed. 
Other applications require faster programming speeds than play- 
back speed. Two examples where this may apply are spraying and arc 
welding. 

It is evident that continuous-path control does offer certain ad- 
vantages. More complex and smoother moves can be accomplished by 
continuous path. Programming is rather simple and no knowledge of 
programming is required. АП that is required is that the operator be 
knowledgeable of the operation he or she is trying to teach the robot to 
duplicate. 

Just as there are certain advantages to using continuous-path mo- 
tion, there are certain disadvantages. Іп order for the controller to store 
all the points, a large memory is required. As is apparent, as the size 
of memory increases so does the cost. Another disadvantage lies in the 
area of programming. Since the positions of the various axes are sampled 
on a constant time frame, the undesirable motions as well as the in- 
tended moves will be sampled and recorded into memory. The robot 
will duplicate all these moves during the playback period. 

Another point of consideration is that the robot's arm must be 
counterbalanced and able to move freely without power. This is a must 
if the operator is to produce smooth-flowing moves. 


Performance Measures 


Up to this point in the text several things have been discussed that one 
must consider when purchasing a robot: types of configuration, types 
of power supplies, degrees of freedom, work envelope, methods of pro- 
gramming, and path motion control. Other points one must consider 
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have to do with performance measures. The performance measures the 
text will consider are resolution, accuracy, repeatability, operational 
speed, and load capacity. From the discussion that follows one can see 
that these various measures can have an effect on one another. 


Resolution. Before trving to differentiate between accuracy and re- 
peatability, one should look at the different variables used to substan- 
tiate each. The determination of a robot's accuracy and repeatability is 
highly dependent on the command resolution and the mechanical in- 
accuracies of the manipulator itself. Before we discuss accuracy and re- 
peatability, let's take a close look at such concepts as command reso- 
lution, mechanical inaccuracies, and spatial resolution. 

Resolution is determined by the robot's control system. It deals with 
the smallest incremental movement the robot is capable of performing. 
It can also be described as the smallest segment into which the work 
space can be divided. Command resolution can be calculated by dividing 
the travel distance of each joint by the number of control increments. 
So if an axis has a travel distance of 36 in. and the controller has a total 
of 8000 points, then the command resolution, or closest distance be- 
tween movements, is 0.005 with zero mechanical inaccuracies. 

The manipulator employs certain mechanical members to position the 
end effector at the various command positions in the work envelope. 
Whenever mechanical members are used, whether they be gears, chains, 
cables, or ball lead screws, certain inaccuracies are present. Gears are 
prone to have backlash, and chains and cables stretch. When this hap- 
pens, slippage occurs. Also, overweight pavloads can create certain in- 
accuracies. 

Easy positioning of the tool at desired locations during training is 
important. A robot must be selected that has the capability of positioning 
the tool within the prescribed location to accomplish the desired task. 
It is evident that tool positioning is going to vary because of the com- 
mand resolution and mechanical inaccuracies. The term spatial resolution 
is used to describe the movement ot the robot at the tool tip. Spatial 
resolution takes into account command resolution and mechanical inaccu- 
racy. Thus, if the previous examples used to calculate command reso- 
lution have a mechanical inaccuracy of 0.003 in., then the spatial res- 
olution would be 0.008 in. This figure is derived by adding the command 
resolution figure of 0.005 in. to the mechanical inaccuracy of 0.003 in. 

Itis worth noting that in the work envelope spatial resolution varies 
with tool location. Also, the consistency of spatial resolution throughout 
the work envelope is affected more by certain robot configurations than 
by others. The cartesian configuration offers fairly constant spatial res- 
olution throughout its work envelope, whereas robots using rotary joints 
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can greatly affect spatial resolution unless corrective measures are pro- 
vided. 


Accuracy. How does accuracy differ from spatial resolution, given that 
both are by-products of command resolution and mechanical inaccur- 
acies? Accuracy expresses how close the robot's hand can be pro- 
grammed to hit a desired point, whereas command resolution refers to 
the small incremental movements between joint positions the robot is 
capable of performing. Accuracy performance can be expressed as half 
of the spatial resolution. A robot with a spatial resolution of 0.010 in. 
would have an accuracy of 0.005 in. 

What is the average accuracy employed by robots used in the 
United States today? Large robots with payloads of 100 lb or more have 
an accuracy of +0.050 in. Small robots used in such areas as assembly 
operations, where payloads are lighter, boast of accuracies of = 0.002 
in. Improvement in accuracy will greatly increase in the future. 

The accuracy of the robot can be greatly affected by the speed of 
movement and weight of the payload. As speed of movement increases, 
accuracy decreases. In order for the manipulator to stop at a given lo- 
cation, speed has to be reduced to prevent overshooting a position. 
However, if the speed is reduced too much, valuable time can be wasted. 
Also, the inertia generated by moving a heavy load can affect positioning 
accuracy. To overcome the effect of inertia, the speed of movements 
may have to be reduced. So in essence there has to be a trade-off con- 
cerning speed and accuracy. 


Repeatability. Often the robotic novice confuses accuracy with re- 
peatability. Even though repeatability—just like accuracy—is depen- 
dent on spatial resolution and mechanical inaccuracy, there is a differ- 
ence. The difference has to do with target positioning and repositioning. 
While accuracy deals with programming the robot’s hand to go where 
you want it to go, repeatability expresses how close it will return to 
presently taught positions. 

Good repeatability is more desirable than accuracy because most 
inaccuracies are easier to rectify. This is especially true if the inaccuracies 
are consistent for all moves. To illustrate this point, let’s use the follow- 
ing example. A robot is programmed to move its gripper from point A 
to a target point 30 in. away. After the robot has made the move, an 
actual measurement is taken and found to be 30.10 in. This represents 
an inaccuracy of 0.3 percent greater than the programmed position. If 
an inaccuracy of 0.3 percent is consistent for other command move- 
ments, then the programmer can compensate for this error. Adjustment 
for poor repeatability is more difficult to pull off. In fact, repeatability 
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may be so poor for a particular robot that a more sophisticated unit may 
be required. However, if the error of repeatability is rather small, ad- 
ditional tooling or alignment devices can be used to compensate for 
inadequate positioning. 

Repeatability of a robot can change with use. The repeatability for 
robots that perform the same task day after day is subject to change. 
The mechanical components in use tend to wear in certain areas, thus 
increasing mechanical inaccuracies. The increase in mechanical inac- 
curacies will definitely reduce the repeatability performance of the robot. 


Operational Speed. Operational speed of the robot is often referred 
to as dynamic performance. Dynamic performance has to do with how fast 
the robot can accelerate, decelerate, and stop at a given point. Probably 
the two most important factors that will influence the work pace of the 
robots are the accuracy vou are trying to achieve and the payload vou 
are moving. However, the robot configuration and the location of the 
tool in the work envelope cannot be ignored. 

А casual glance at the advertising literature of various robot man- 
ufacturers will yield many ways to define robot speed. The robot speed 
may be given for each joint or various groups of joints. The range of 
velocity may be listed for the robot with no load as well as fully loaded. 

We hear a great deal about robots being more productive than 
humans. Since people consider robots more productive, it is natural to 
assume that robots work at a faster pace than humans. If you examine 
most robot installations, you will discover that the speed of the robot's 
actions are no faster than humans. In fact, many times it is slower. 
Productivity is gained by the robot working at a constant steady pace. 
Besides, the robot doesn't take coffee breaks or eat lunch. 

So if you are considering a robot for a production application and 
have based the total cycle time on speed rates furnished by various 
manufacturers, you may be in for a surprise. You are not interested so 
much in joint speed аз in how fast you can move the end effector through 
the total cycle and still maintain the desired accuracy and repeatability. 
Besides, vou do not hire individuals by how fast they move their arms 
or work. You are more concerned with their ability to do a quality job 
in a reasonable time. So why should robots be any different? 

In order to arrive at cycle times that are realistic, vou may have to 
build a prototvpe layout to determine the time required for various 
moves. Since a lot of other variables, such as other performance meas- 
ures, machine cycle times, and conveyor speeds have to be considered, 
the prototype layout is probably the best solution for deriving realistic 
cvcle times. Besides, the speeds furnished by robot manufacturers are 
at best just ballpark figures. 
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Load Capacity. You can get as many answers concerning the load- 
handling capacities of robots as you can about speeds. Some manufac- 
turers list handling capacity by certain situations such as whether the robot's 
arm is extended or retracted. Other manufacturers may list load-carrving 
capacity for the arm as well as for the wrist and end effector. But the 
two things that greatly affect load-handling capabilities are the type of 
robot configuration and the placement of the end effector in the work 
envelope. The load-handling capability for a robot with its boom fullv 
extended is going to be less than when the boom is retracted. 

What is the lifting capacity for robots manufactured in the United 
States? Some models are only capable of lifting 1 Ib, such as the Mini- 
mover 5 by Microbot. Other robots such as Prab's model FC has a lifting 
capacity of 2000 Ib. In most instances the weight of the gripper or end 
effector is included in the lifting capacitv. If a robot has a lifting capacity 
of 5 lb and the gripper weighs 2 lb, then the weight of the part cannot 
exceed 3 16. Most robot manufacturers will generally list a normal and 
a maximum load-handling capacitv. 

What is the average load capacity of robots used in U.S. industry? 
According to experts in the field, the average weight is estimated to be 
20 lb. Approximately 50 percent of robots in industry today handle parts 
weighing less than 10 Ib. The average load-carrving capacity could be 
even less in the future since smaller robots are being constructed for 
assembly tasks. It may be of interest to you that 95 percent of all parts 
used in an automobile weigh less than 5 lb. 

In summary, it may be helpful to review the following terms in 
order to have a better understanding of performance measures. 


Spatial Resolution—has to do with the smallest incremental move- 
ment of the tool tip. It includes command resolution and mechan- 
ical inaccuracies. 


Accuracy— used to express the robot's positional ability to hit pro- 
grammed positions. It includes spatial resolution as well as a de- 
fined target point. 


Repeatability—used to express the robot's ability to return to a pre- 
viously taught point over and over again. 


Dynamic Performance—used to express the robot's ability to move 
and stop at a given location with a certain amount of accuracy. 


Payload—concerned with the maximum weight or mass of material 
a robot is capable of handling on a continuous basis. The end ef- 
fector weight is included in the payload in most cases. 
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As the industrial robot becomes more prevalent on the factory lines, 
more dexterous multipurpose end effectors have to be developed. End 
effector is the technical name for the end-of-arm tooling on the robot. It 
is often referred to as the hand or gripper. End effectors can be better 
defined as devices attached to the wrist of a manipulator for the purpose 
of grasping, lifting, transporting, maneuvering, or performing opera- 
tions on a workpiece. 

The increased use of robots in such areas as assembly will rely 
heavily on the development of multipurpose tooling. Two approaches 
can be used to give the robot flexibility in this area. One approach would 
be to design multifunction end effectors. The other is to give the robot 
the capability to change end effectors. Both approaches are used in in- 
dustry, but today greater emphasis is being placed on quick-change 
tooling. 

The robot's hand is a clumsy imitation of the human hand. As 
pointed out earlier, the human hand is a very complex multipurpose 
tool. It not only has the ability to adjust, grasp, pick up, and rotate 
different-shape objects, but the hand has built-in compliance and sen- 
sing capabilities. In order for a person to understand how rudimentary 
the robot is for assembly, I suggest you reflect on an analogy given to 
this writer by an automation assembly engineer. This individual indi- 
cated that one way to determine if an operation is a candidate for robot 
assembly is to try to do the assembly behind your back, using only one 
hand with the fingers taped together. Although this is a crude analogy, 
there is probably more truth to it than fiction. The development of an 
end-of-arm tool is not an easy task. Each situation usually requires spe- 
cially fabricated tooling. 

Before we discuss the various types of grippers, or end effectors, 
let’s examine in more detail the movements of the human hand. The 
two classes of movements are referred to as prehensile and nonpre- 
hensile. Prehensile movements are emploved to grasp or grip an object. 
The various degrees of freedom, the curled finger, and the opposing 
thumb provide the hand with its great dexterity. One cannot overem- 
phasize the thumb. Without the thumb humans would be no better off 
than the other animals. It is the thumb that enables humans to pick up 
and manipulate very small objects. Nonprehensile movements can be de- 
scribed as pushing, poking, punching, and hooking movements. 

There are approximately five different prehensions formed by the 
hand: palmar, cylindrical, spherical, lateral, and oppositional. These 
types of grips are developed in stages. As the child grows and coor- 
dination develops, so do the various grips. The palmar grip can be as- 
sociated with a baby holding a bottle during feeding. The cvlindrical 


End Effectors 


grip can be used for grasping a cylindrical object such as a baby's rattle 
or a human finger. With the spherical grip the fingers come more into 
play. An example of this grip is throwing a baseball. The lateral grip is 
employed to grasp larger objects. The oppositional grip involves the use 
of the index finger and thumb. The various types of prehensile grips 
are shown in Figure 3-5. 

There are two types of nonprehensile movements we will consider. 
They are the hook and the spread. The hook movement can be used to 
pull drawers open or lift objects with bail-type handles. The spread 
movement can be used for transporting many objects possessing internal 
openings. Examples of these movements are shown in Figure 3-6. 

From the previous discussion it can be seen that there are various 
means of grasping, moving, or handling objects. To determine the type 
or design of end effector necessary to do a job is not as easy as some 
may think. To arrive at the proper solution, a study must be made con- 
cerning the operation and the object being transported. The operation may 
be one where the end effector is subject to extreme hot or cold tem- 
peratures. lt may be an operation where abrasive or corrosive materials 
are used. These are only a few of the possibilities that may exist. Con- 
ditions such as the ones just mentioned may call for special materials 
to be used as well as for some type of shielding device to protect the 
robot's arm. 

Objects vary in shape, size, and weight. In addition, the object 
may change in shape, size, and weight during a process. The end ef- 
fector must have the ability to adjust to such changes. Other object 
conditions to be considered are fragility, surface finish, and type of ma- 
terial. 1f an object is made of ferrous material, one that contains iron 
ore, then a magnetic gripper may be appropriate. 

The above-mentioned considerations concerning operation and ob- 
ject characteristics are only a few commonsense items that are quite 
obvious. A more thorough analysis must be made. Problems associated 
with inertia, center of mass, gripping force, and friction between the 
part and the gripper have to be addressed. Other points of concern may 
be part manipulation for orientation purposes, gripper sensing capa- 
bilities, and the need to interact with other pieces of equipment. 

Robots pose various options for grasping, handling, and trans- 
porting parts. Some common means are mechanical, vacuum, electro- 
magnetic, support, and expandable devices. These different methods 
will be briefly discussed. 

The mechanical gripper is the most common means of grasping ob- 
jects. The gripper employs various mechanical linkages. Activation can 
be accomplished through gears, cables, chain, or pneumatic actuators. 
The grippers that employ two stiff fingers are most common in industry 
today. One or both fingers may move in the clamping operation. In 
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Figure 3-5. Five common prehensions of the human hand. (a) Palmer grip. 
(b) Cvlindrical grip. (c) Spherical grip. (d) Lateral grip. (e) Opposing grip. 
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(b) 


Figure 3-6. Two common types of nonprehensile movements used to move 
or transport certain objects. (a) Hook movement. (b) Spread movement. 


order to accommodate different-shaped objects the fingers can be in- 
terchanged. V-shaped fingers are recommended for grasping cylindrical 
objects. The V shape, with its two-point contact on each finger, insures 
the centering of the object. Self-aligning padded fingers are used in 
gripping flat objects. It is possible to have fingers with more than one 
size or shape cavity in the finger. Multicavity fingers may be required 
if the object changes shape or size during processing. Figure 3-7 shows 
some common mechanical grippers that are commercially available 
today. 

The vacuum gripper consists of one or more suction cups made of 
natural or synthetic rubber. The vacuum gripper is extremely light- 
weight and simple in construction. The number, size, and type of cups 
depend on the weight, size, shape, and type of material being handled. 
The cups are considered off-the-shelf items. They can be purchased from 
various suppliers. A multicup vacuum gripper is shown in Figure 3-8. 

Most people probably think of vacuum grippers only being used 
to handle flat workpieces. But vacuum grippers can be used on curved 
and contour surfaces as well. Also, vacuum grippers are ideal for han- 
dling fragile parts. Vacuum grippers are well suited for handling glass 
objects. Soft, flexible cups have been developed to handle such fragile 
things as eggs. 

The flexibility of the cup provides the robot with a certain amount 
of compliance or forgiveness for misalignment. The positioning of a cup 
at a prescribed point is not as critical as with some other types of grip- 
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DN. 

(d) 
Figure 3-7. Various types of mechanical grippers. (Photos taken at Robot 7 
show in Chicago.) (a) V-shaped multicavity gripper. (b) Gripper with self-align- 
ing fingers. (c) Internal spread gripper. (d) Fanuc’s double gripper. 


pers. To allow for unevenness or distortion in a part’s surface, some 
vacuum cups are spring loaded or mounted on a ball joint. 

Magnetic grippers are similar to vacuum grippers. Although the two 
are compatible in many ways, they do possess distinct differences. Ob- 
jects possessing flat, smooth, clean surfaces are the easiest to handle. 
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Figure3-8. Typical vacuum gripper. (Photo taken at 
Robot 7 show in Chicago.) 


The magnetic grippers can use electromagnets or permanent mag- 
nets. The permanent magnets do not require a power source. Permanent 
magnetic grippers work very well in explosive areas. The part is released 
from the permanent magnet by force or some type of stripper device. 
The electromagnet is energized by a dc power source. Release is accom- 
plished by interrupting the power source. To speed up the release time, 
the direction of current flow is reversed momentarily when the switch 
to interrupt the circuit is actuated. 

There are certain disadvantages associated with magnetic grippers. 
One disadvantage is that only materials attracted to magnets can be 
handled with this type of gripper. Objects containing ferrous material 
or iron ore possess this quality. Operations where parts are being ma- 
chined can create some problems. The small metal chips or particles will 
be attracted to the magnet. The attracted particles could get trapped 
between the magnet and the part. When this occurs, there is a risk of 
scratching the part with the attracted particles. The attracted particles 
can also contribute to the problem of misalignment of parts that follow. 
Another factor that has to be considered is the temperature of the object 
being handled. After the object reaches a few hundred degrees, the 
effectiveness of the magnetic force starts to decline. 

The magnetic gripper does have certain advantages over the vac- 
uum gripper. The magnetic gripper has a longer life and can handle 
hotter objects than the vacuum gripper. The magnetic gripper has the 
capability of lifting heavier objects. Another advantage of magnetic grip- 
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Figure 3-9. 


Magnetic gripper used by Prab Robots Inc. 
(Photo taken at Robot 7 show in Chicago.) 
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pers is rapid gripping capabilities, whereas vacuum grippers require a 
certain time to build up the absolute pressure. A typical magnetic gripper 
is shown in Figure 3-9. 

Support grippers are usually found on crane-type manipulators. The 
hook is the most common type of support gripper. Some support grip- 
pers are used to support the object from the underside. However, this 
is a poor means of support because objects have a tendency to topple 
over or fall with any quick movement. 

Expandable grippers are used to clamp workpieces that have geo- 
metric variations. The expandable grippers employ a hollow rubber en- 
velope that expands when pressurized. This expandable bladder insures 
an evenly distributed surface load. The expandable bladder is ideal for 
handling fragile parts or parts that have a considerable size variation. 
There are two types of expandable grippers. One tvpe grips the object 
externally, while the other uses internal gripping for hollow objects. 

In summary, there are various methods of holding an object Бу 
the end effector. The most common method is through the use of friction. 
That is, the object can be removed with a certain amount of force. If the 
object is to be held rigid, then a restrain type of gripper has to be em- 
ployed. Magnetic and vacuum grippers can be classified as attraction- 
type grippers. The last and final classification for holding an object is 
by support. As was pointed out earlier, support gripping has limited use. 


End Effectors 


Until now the discussion has centered around the grasping, han- 
dling, and transporting of objects. In addition to handling objects, the 
robot's arm can be equipped with various types of tool heads for carrying 
out operations. Spot welder guns, inert arc welders, stud welders, 
spray guns, drilling heads, milling heads, deburrers, polishers, pneu- 
matic screwdrivers, and nut-runners are some of the common tools 
being used by robots today. Figure 3-10 shows some of the above-men- 
tioned tools. 

As mentioned earlier, one way to increase the uses of robots in 
various applications is to give them the capabilities to change end ef- 
fectors. There are two common needs that have to be addressed betore 
this is accomplished industrywide. One is the need to standardize in- 
terface adapters. The standardized features of these adapters should 
provide common mounting and securing systems. All the necessary con- 
nectors for the electric, hydraulic, and pneumatic components should 
be provided with these adapters. Since robots come in different sizes, 
it is conceivable that different sizes of standard interface adapters will 
have to be provided. However, these adapters should have the capability 
of being able to interface with the different robots manufactured. 

In addition to standardized interface adapters, rapid tool-changing 
capabilities are also needed. Quick-changing tool capabilities can enable 
the robot to handle different-shaped parts and perform wider ranges of 
assembly tasks and a variety of machining operations with minimum 
time lost for changing tools. Thus, quick-change tool capabilities can 
provide the robot with greater flexibility and increase its productivity. 

There are certain advantages and disadvantages in comparing the 
end effector with the human hand. Some noted advantages of the end 
effector are its ability to withstand higher temperatures, carry heavy 
loads, work in corrosive areas, and not be concerned with objects pos- 
sessing sharp edges. Some disadvantages of the end effector are its awk- 
wardness and lack of compliance and sensing capabilities. To overcome 
these deficiencies, universities and manufacturers are conducting ex- 
tensive research in these areas. 

The end effector should have certain characteristics. It should pos- 
sess the necessary strength to carry out its tasks and withstand rigorous 
use. For certain operations a breakaway device should be provided to 
keep from damaging the robot's arm or wrist if the hand becomes stuck. 
End effectors that hold objects by friction are generally not bothered by 
this problem. The object will slip out of the gripper when force is applied. 
However, the force could cause joint slippage, thus changing position 
locations. 

The other characteristics that would be nice for the end effector to 
possess are compliance and a certain amount of sensing capability. Com- 
pliance is concerned with the forgiveness for misalignment of mating 
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(b) 


Figure 3-10. Some of the various types of tool heads for the robot. (a) Spot 
welding gun. (Photo taken at Robot 7 show in Chicago.) (b) MIG welding head. 
(Courtesy of Westinghouse Electric Corp.) (c) Sprav gun head. (Photo taken at Robot 
7 show in Chicago.) 
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Figure 3-10 continued. (d) Adhesive applicator head. (Photo taken at Robot 7 
show in Chicago.) 


parts. In the area of assembly, compliance is a must with close-fitting 
parts. Compliance enables a part to move slightly, thus avoiding jam- 
ming, wedging, and galling of the part. 

Some robots have a certain amount of inherent compliance built 
into them. But for those lacking this capability remote-center compliance 
(RCC) devices are available. The devices fit in the wrist of the robot. 
Compliance devices have proven successful in the area of assembly. 
Robots equipped with compliance devices have been able to insert bear- 
ings into housing with clearances of only 0.0005 in. One noted com- 
pliance device manufacturer is Lord Industrial Products. Figure 3-11 
illustrates various compliance devices manufactured by this company. 

The need for a sensory system to give the robot the intelligence to 
perform a variety of tasks is in demand today. To meet the challenge 
several robot manufacturers have developed end effectors with sensing 
capabilities. Some end effectors possess tactile sensing capabilities. 
(IBM's 7565 robot gripper employs tactile sensing; see Figure 3-12.) Prox- 
imity and noncontact sensors are being used in several end effectors 
today. Cincinnati Milacron has developed a seam tracking system for 
use in arc welding. lt is a noncontact sensor that measures the change 
in the arc's current as the welding torch oscillates across the seam. The 
robot's computer makes corrections in the robot's position from the sig- 
nal received from the sensor. 

Other types of sensors such as vision and voice are being used 
today. With the improvement in sensing capabilities, robots will become 
significantly smarter and be able to handle many of the tasks performed 
by humans. 
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Figure 3-11. Lord Corporation's Remote Center Compliance (RCC) Devices. 
(Courtesy of Lord Industrial Products.) 


Figure 3-12. IBM's 7565 end effector. (Courtesy of International Business Machines 
Corp.) 
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Most experts agree that for the robot to really come of age it must be 
able to sense, evaluate, make decisions, and interact with its environ- 
ment. With the perfection of internal and external sensors robots will 
be able to achieve their full potential. As pointed out earlier, the internal 
sensors are concerned with the internal working of the robot; external 
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sensors are concerned with measuring displacements, forces, or other 
variables in the robot's environment. The external sensor provides the 
robot with a higher level of intelligence. 

Four common external sensors in use todav are vision, tactile, prox- 
imity, and voice sensors. Different types of sensors will be discussed in 
more detail later in the text. However, each will be introduced here to 
provide some background data. 


Vision. More research is probably being conducted on vision sensing 
than on anv other type of sensing. It ranks high on the list of priorities 
for robot manufacturers. Vision sensing is being used for inspection, 
identification, and part orientation. There are several problems associ- 
ated with vision sensing in the areas of orientation and parts assembly. 
One problem lies in the fact that interpretation and reaction to data is 
relatively slow. Another problem is that the human eve sees things in 
three dimensions, whereas most vision systems are onlv two-dimen- 
sional. With two-dimensional systems it is difficult to interpret visual 
information concerning parts that are stacked in bins. Interpretation is 
made easier when parts are presented in а single layer. With the increase 
in the computer software capabilities and better vision systems, these 
problems will be overcome in the future. 


Tactile Sensing. Tactile sensing uses a sensor that makes physical con- 
tact with an object. Three tvpes of tactile sensing are touch, force, and 
torque. Force sensing is extremely useful in the area of assembly, es- 
pecially if clearance is close. Force sensing can prevent part damage, 
verifies operations, and detects drift. Touch sensing can verify if an object 
is present or not. Touch sensors can be used to control the grip pressure 
of the end effector. Experimental work in several universities is being 
conducted using touch sensing for part recognition. Torque sensing can 
be used to indicate tool wear. 


Proximity Sensing. Proximity sensing is used to determine if an object 
is present. Proximity sensors have an advantage over tactile sensing in 
that physical contact is not required. Measurements can be taken some 
distance from the object. In addition to using proximity sensors to avoid 
possible collision, they can be used for the positioning of the end effector 
to pick up and stack objects. 


Voice Sensing. Voice sensing is in its infancy. However, voice rec- 
ognition can be used to control and program robots. Since this is our 
natural means of communication, it seems onlv fitting that this method 
of sensing will be greatly improved in the future. 
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REVIEW QUESTIONS 

1. Name four methods used to program robots. Briefly define each 
method and give an application for each. 

2. List four proprietary robot programming languages available 
today. 

3. The motion control of the robots have three classifications. List and 
explain each of these classifications. Which classification is more 
concerned with controlling the path motion rather than position- 
ing? 

4. Define command resolution, spatial resolution, accuracy, repeat- 
ability, and dynamic performance. 

5. What is the spatial resolution of a robot having a command reso- 
lution of 0.006 in. and a mechanical inaccuracy of 0.004 in.? 

6. Accuracy and repeatability are often confused. Which appears to 
be most critical? If a robot has good repeatability and poor accuracv, 
how may the problem be rectified? 

7. Whatis the maximum weight a robot can handle with a load-car- 
rying capacity of 50 16 when the gripper weighs 8 Ib? 

8. What effect does weight have on the dynamic performance of a 
robot? 

9. What function does the end effector serve? 

10. List four classifications of end effectors and explain each. 

11. Differentiate between prehensile and nonprehensile movements. 
Give examples of each. 

12. What are some methods used to handle parts that vary in size? 

13. What are four characteristics that an end effector should possess? 

14. Give an application where a remote control centering device is 
recommended. What function does this device serve? 

15. Differentiate between external and internal sensors. Which one 
provides the robot with a higher level of intelligence? 

16. Listand explain four types of external sensors employed by robots. 


Chapter 4 


FACTORS TO CONSIDER IN THE 
SELECTION AND 
IMPLEMENTATION OF ROBOTIC 
TECHNOLOGY 


The first three chapters were concerned mainly with the basic charac- 
teristics of robots and the fundamentals of robotics. They were designed 
to relieve some of the anxiety and misconceptions associated with the 
subject of robotics. A study of the previous material should have re- 
vealed what robots can do for us rather than to us. The reader should 
feel more comfortable with the subject and realize that robot technology 
has a lot to offer our society. 

With a better understanding of the subject, where do we go from 
here? We are aware of the fact that robots have something to offer but 
how does one implement this technology? A good starting point was 
best summarized by an acquaintance of the writer. In his presentation 
concerning the implementation of robots he emphasized the need of 
knowing where you wanted to go. Once you determine where you want 
to go, there are systematic approaches that will help you arrive at your 
destination. This chapter will offer some help along those lines. It will 
focus on the considerations concerning the application of robotics tech- 
nology. In addition, the advantages and disadvantages, different in- 
dustrial applications, robot implementation, justifications, the future of 
robotics, as well as the social impact of robots will be discussed. 
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Advantages and Disadvantages of Utilizing Robots 


Advantages 


Whether one is contemplating the use of a new technology or even the 
purchase of a new machine, there are certain advantages and disad- 
vantages that have to be considered. The robot is no different. The 
robot is a machine. We purchase a machine to perform a particular task 
or tasks, and we should not expect anything else. 


What are some advantages that can be expected from using robots? 
Probably the two most outstanding ones are increased productivity and 
improved quality. Today with greater emphasis on productivity and 
product quality, robot technology is very attractive. But how are robots 
more productive than humans? 

It must be re-emphasized that robots are no faster than humans. 
In fact their cycle times are generally slower. Productivity gains are made 
through the robot's constant work pace. Over an eight-hour shift the 
robot will usually outperform a human operator—especially if the task 
is repetitive, boring, heavy, or performed in poor working conditions. 
Greater gains in productivity can be realized by multishift operations. 
When identifying possible robot applications, one should definitely con- 
sider multishift operations. 

How will the use of robots improve product quality? The quality 
is derived through the accuracy and repeatability performances of the 
robot. An example of this is in the area of spot welding. A robot may 
have the capability of placing a weld within 0.050 in. time after time. 
This would be a hard feat for a human to duplicate, considering the 
spot-welding gun weighs approximately 100 Ib. Even though the gun 
is counterbalanced, fatigue is certain to take its toll on the operator after 
several hours of operation. Another wav that the product's quality is 
improved is that robots and other automated equipment demand better- 
quality components. Human operators may be able to assemble com- 
ponents that are a little out of spec, but trying to do this with a robot 
or some other piece of automated equipment would be disastrous. The 
use of automated equipment and robots in all areas of manufacturing 
demands that parts be within the specifications. Also, parts must have 
closer tolerances. In addition to closer tolerances, manufacturers are 
starting to demand 100 percent qualitv parts from vendors. А screw 
with the absence of a slot in its head usually presents no problem with 
a human operator, but if a robot is employed in place of a human, it 
could cause an operation failure. 

The introduction of robots is certain to help reduce personal in- 
juries and increase personal safety. The passage of the Occupational 
Safety and Health Act (OSHA) of 1970 has provided an incentive for 
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manufacturers to introduce robots in many operations considered dan- 
gerous. Using robots in these areas has eliminated the need for the 
sophisticated safety equipment required if humans were used. 

Another advantage has to do with worker morale. In addition to 
being moved from the dirty, hostile, and hazardous environment, work- 
ers can be placed in more challenging positions. Workers are finding 
themselves in more responsible positions rather than just being machine 
operators. Giving the unpleasant jobs and working conditions to the 
robot and more responsible positions to workers is certain to increase 
morale. 

Manufacturers are concerned with holding down or reducing prod- 
uct costs. Robots can make a contribution in this area. Robots have 
proven to bea cost reduction method. Some manufacturers have boasted 
of an increased productivity gain of 400 percent in some areas. Others 
have boasted of reductions in scrap and rework. General Motors recently 
reported that four-fifths of their rejects in spray painting came from 
manually operated areas. In addition to scrap reduction, saving can be 
realized by reducing material usage. Manufacturers using robots in in- 
vestment casting and spray painting operations have reduced material 
requirements substantially. One manufacturer was able to reduce his 
paint usage by 50 percent. Other savings can be gained through a re- 
duction in energy required to light, heat, cool, or ventilate areas if hu- 
mans were used in them. 

Another advantage that robots offer is flexibility. Most automated 
equipment is "dedicated"—that is, designed to perform one purpose. 
Trying to adapt this equipment to other operations many times proved 
quite costly or almost impossible. Robots possess flexibility. An example 
of their flexibility is the abilitv to perform the same task or tasks on 
different automobile models on the same assembly line. Also, thev can 
be reprogrammed to perform other tasks. Short product life, high variety 
of parts, and small batch size are projections of the future. Presently 
25-30 percent of all manufacturing is performed on lots of 50 or fewer 
parts. It is projected that this will increase to 75 percent. Robots possess 
greater flexibility and will serve a key role in flexible manufacturing 
systems (FMS). In summary, increased productivity, improved quality, 
reduced product cost, improved worker morale and working conditions, 
and greater flexibility are some advantages offered by robots. No doubt 
there are other tangible and intangible advantages that were not men- 
tioned. The ones mentioned were some of the more obvious. 


Robots, like many pieces of equipment, have disadvantages as well as 
advantages. One of the most obvious disadvantages is that they require 
capital investment. Robots, just as other pieces of equipment, have to 
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be economically feasible. If robots cannot be economically justified for 
operations, they should be avoided. Of course, there are exceptions. 
Where personal safety is involved, personal safety should come first. 
Robot justification will be discussed in more detail later in the chapter. 

Robots are certain to have an effect on the production line. One 
robot expert's analogy of a robot's effect on manufacturing is similar to 
a pinball effect. Parts once presented unoriented have to be properly 
positioned and oriented. This is due mainlv to the rudimentary sensing 
capabilities of today's robot. However, researchers are working on these 
problems. Many times work flow has to be changed and additional work 
space is required. To put it another way, the robot is the easy part. It 
is all the bells, whistles, and other peripheral tooling and equipment 
required to interface the robot with the manufacturing line that's the 
problem. It is not uncommon for the peripheral tooling and equipment 
to cost more than three times the price of the robot. 

Another disadvantage is attitude. If management and workers do 
not have a positive attitude regarding robots, then installations are cer- 
tain to fail. In order for any company to change, people must have the 
desire to innovate. No doubt some workers will feel subjugated or threat- 
ened by robot installations. Workers need to be assured that their jobs 
will be more enriching and challenging because of robots. 


Production Applications 


Robots, often referred to as the steel-collar worker, have been used in 
various manufacturing settings. The first robot sold by Unimation was 
employed in die casting. The robot removed the worker from a very hot 
and dirty work environment After the robots had proven themselves 
in this area, they were used in investment casting, forging, and welding. 
The robots were readily accepted in these areas because they helped to 
remove the worker from a number of dangerous and demeaning factory 
jobs. These were jobs no one wanted to do. 

The applications mentioned in the previous paragraph are specific 
applications. However, it is the intention of this text to consider appli- 
cations in a broader sense. Applications such as pick-and-place, machine 
loading/unloading, welding, sprav painting, machine processing, as- 
sembly, and inspection will be discussed. 

Pick-and-place, machine loading/unloading, welding, and paint 
spraying are the most common applications in all industries, whereas 
welding and paint spraying are most common in the automobile in- 
dustry. But as robot technologv improves, one will see a substantial 
increase in the assembly areas. This stands to reason since assembly 
operations can account for over 50 percent of the total labor cost. Evi- 
dence of this is seen in General Motors' projected use of robots for 1990. 
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Of the 14,000 robots GM is planning to have in operation, 5000 will be 
used in the area of assembly. This represents an increase of over 700 
percent. 


Pick-and-Place. Pick-and-place applications (the process of picking up 
parts at one location and moving them to another) are the most common 
applications found in industry. The palletizing or depalletizing of parts 
is probably the most common form of pick-and-place, although some 
pick-and-place operations are used for part orientation. 

Robots used for pick-and-place offer certain advantages. Robots 
have the capability of handling objects that are heavy, light, hot, cold, 
or fragile. Robots have been very successful in handling fragile parts 
made of glass or powder metal. In the area of handling heavy objects, 
the robot can eliminate the need for costly mechanical devices to move 
heavy objects. Robots used in lightweight pick-and-place applications 
provide excellent speed while maintaining good accuracy and repeat- 
ability. The less sophisticated robots are well suited for pick-and-place 
applications. Figure 4-1 shows a Mobot robot used to pick-and-place 
parts baskets in the various bins of a carousel storage rack. 


Machine Loading/Unloading. Тһе second largest use of robots in all 
industries is machine loading/unloading. The robot can be used to load 
and unload parts at various production operations. Machine loading, 
die casting, forging, injecting molding, and stamping are some of the 
common production operations. In Figure 4-2 a Prab robot is used to 
load and unload a stamping press. 

Since most of the operations mentioned are generally considered 
unpleasant and somewhat dangerous, several benefits can be derived 
from using robots in these areas. One of the greatest benefits is reduced 
personal injuries and improved personal safety. Some of the most severe 
accidents in industry are directly related to press work. By using robots 
in these areas, there is less chance of personal injuries. In addition to 
personal injuries, operators in these areas are generally exposed to ex- 
cessive heat, noise, dirt, and air pollution. Removing operators from 
these areas will reduce the need for purchasing safety equipment and 
other costs required to clean up the work environment. Substantial gains 
can also be expected in productivity and quality if robots are used in 
these areas. Some of the jobs mentioned have excessive absenteeism. 
Usually, high absenteeism contributes to low productivity and poor 
quality. 


Welding. The third largest use of robots in industry today is in weld- 
ing. Some common welding applications are spot, stud, stick, metal- 
inert gas (MIG), and tungsten- inert gas (TIG). Spot and stud welding 
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Figure 4-1. Mobot robot used to pick and place parts totes into various bins 
of a carousel storage rack. (Courtesy of Mobot Corp.) 


are classified as resistance welding, whereas stick, MIG, and TIG are 
arc-welding applications. Of all the welding processes, spot welding is 
the easiest to perform and the most common. It can be performed on 
stationary parts or parts moving down a production line. 

MIG welding is the most common arc-welding process. This proc- 
ess requires а 100 percent duty cycle arc-welding machine, a wire feeder, 
a shielding gas, gasflow meter, and a welding gun. The wire is a con- 
sumable electrode and the amperage is controlled by the speed of the 
wire. An inert gas is used to shield the weld from the atmosphere. Figure 
4-3 shows the various components of a МІС welding station. 

Many of the problems associated with robot MIG welding are 
mainly due to inconsistent joint fitup. Robot arc welding requires better 


Production Applications 83 


Figure 4-2. Prab robot used to load and unload a stamping press. (Courtesy of 
Prab Robots Inc.) 


Figure 4-3. Robot M16 welding station. (Courtesy of Westinghouse Electric Corp.) 
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fixturing and better fitting joints than is required by human operators. 
If joint location or the gap varies, the operator can adjust to these con- 
ditions. With the robot it becomes quite difficult to do this. Compen- 
sating for gap variation may require a change in the welding dc voltage 
adjustment, the wire feed rate, travel speed, and weave motion. To 
compensate for the problem of joint location and gap variation, robot 
manufacturers have developed sensory control tracking. Cincinnati Mil- 
acron's seam tracking system, which was discussed earlier, is one such 
system. 

Robots used in the various welding processes can increase pro- 
ductivity and improve quality. The biggest gain is that the robot removes 
the worker from an undesirable working environment. Other benefits 
are reduced training of workers, reduced energy cost, and reduced man- 
power needs. 


Spray Painting. Іп spray painting the spray nozzle is mounted on the 
robot's wrist. Programming is accomplished by having an experienced 
operator physically move the robot's arm through its cycle. In order to 
generate a smooth path, an experienced operator should be used. This 
is important since positioning is recorded on a time sample basis. Since 
points are sampled at regular intervals, both the intentional and unin- 
tentional moves will be recorded. This point-sampling technique, known 
as continuous-path programming, requires large memory capacity to 
store the sampled points along the path. For paint spraying, just as with 
arc welding, path motion is more important than actual point location. 
In Figure 4-4 the DeVilbiss Trallfa robot is used to spray shutters. 

Several benefits can be realized by using robots in spray paint ap- 
plications. The robot removes the worker from hazardous explosive 
areas. Since robots cannot see and do not need fresh air to breathe, 
greater concentration of solvent and reduced lighting present no prob- 
lem. With the reduction of ventilation, lighting, and heating, energy 
consumption will be less. 


Manufacturing Processes. Routing, drilling, milling, grinding, polish- 
ing, deburring, riveting, and sanding are some of the more prevalent 
manufacturing processes being performed by robots. Quick-change tool- 
ing, better fixturing, increased accuracy and repeatability, and improved 
sensory and adaptive contro] will greatly increase the utilization of ro- 
bots in different manufacturing processes. Robots used in manufactur- 
ing processes can increase productivity and improve quality. Also, the 
robot removes the worker from areas where noise, dust, and poor ven- 
tilation may be a problem. 


Assembly Operation. Using a robot to assemble components or prod- 
ucts is receiving major attention. Robots, along with other peripheral 
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Figure 4-4. DeVilbiss/Trallfa TR 3500 finishing robot spray-painting metal 
shutters. (Courtesy of DeVilbiss Co.) 


equipment, have been used to assemble such items as calculators, 
watches, printed circuit boards, automobile alternators, electric motors, 
and so on. The accomplishments that have been made have only 
scratched the surface. The potential for robot applications in assembly 
is tremendous since there is a heavy concentration of labor in that area. 
In fact, assembly operations may account for 50 percent of the labor cost. 

In order for the robot to be more successful in all areas of assembly, 
robot technology will have to be improved. Better sensory capabilities, 
improved accuracy and repeatability, improved programming, and bet- 
ter compliance is a must. Although this technology may be required for 
the more complicated tasks, several of today's assembly tasks can be 
handled by the less expensive robots. 

One may ponder the question of why are assembly operations so 
difficult and how can these difficulties be removed? A close examination 
of many products will reveal that they were not designed for automated 
assembly. In the past development engineers and designers designed 
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Figure 4-5. Westinghouse's adaptable programmable assembly system 
(APAS). (Courtesy of Westinghouse Electric Corp.) 


products without giving much thought to the manufacturing process. 
The process and the routing of parts was left to the manufacturing en- 
gineer. Today that philosophy is changing. Manufacturing engineers 
are working with the designer in the earlier stages of the design. One 
of the first questions that the designer must address is how will the 
product be assembled? If the product is to be assembled by robots or 
other automated equipment, then the guidelines for automated assem- 
bly have to be met. As products are designed for automated assembly, 
one can expect to find more robots in the area of assembly. Figure 4—5 
shows Westinghouse's Adaptable Programmable Assembly System 
(APAS). APAS is a totally automated batch manufacturing system used 
in the assembly of seven different end bells for five styles of small electric 
motors. 

Robot assembly relieves the operator from performing boring, re- 
petitive tasks. Product quality is improved because parts have to be of 
closer tolerance and higher quality to necessitate easier feeding. In- 
creased productivity is achieved by the robot working at a constant pace. 


Production Applications 


(a) 


(b) 


Figure 4-6. (а) Copperweld's Opto-Sense® vision inspection system used to 
check automotive instrument panels. (b) Automotive instrument panel checked 
by Copperweld's Opto-Sense*, (Courtesy of Vuebotics Corporation.) 


Inspection. Like assembly, inspection is a relatively new robot appli- 
cation. Vision sensing used in conjunction with robots has proven quite 
successful in checking for missing parts or missing features in assembly. 
Copperweld Robotics, a company recently acquired by Vuebotics Cor- 
poration, developed an inspection system for General Motors to inspect 
and check valve cover pans. The svstem increased productivity by 400 
percent. Figure 4-6 shows Copperweld's Opto-Sense* systsem used to 
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check for the presence of 50 holes, clinch nuts, and metal splits in au- 
tomotive instrument panels. The svstem can make up to 1000 inspections 
per minute. 

Robots can be used for less complicated roles in inspection. They 
can be used to place parts in inspection gauges or more complex meas- 
uring systems. The robot must be capable of performing branching rou- 
tines to dispose of bad parts. 

There are certain benefits derived from using robots in inspection. 
Тһе robot is well suited for 100 percent inspection. The inspection op- 
eration can be incorporated with other operations. The robot reduces 
the need for many costly inspection fixtures and gauges. Also, the robot 
has the innate ability to inspect moving parts and obtain consistent re- 
sults. 


М№Мопесопотіс Justifications 


The decision to use robots is more than a moral issue. Since the cost of 
robots and their supportive services can be quiet expensive, the decision 
to employ a robot in a particular situation must prove economically 
feasible. However, factors such as personal welfare, safety, new tech- 
nology, and competitive pressures can influence investment decisions. 
But even when these factors are considered, the decisions still have an 
economic basis. 


Personal Welfare. Most manufacturers are concerned about the per- 
sonal welfare of their employees. Many times the robot is used to remove 
the worker from undesirable situations. Working conditions that are 
plagued with excessive noise, extreme temperatures, fumes, dust, dirt, 
and so on, can have a devastating effect on worker performance. Such 
situations not only contribute to poor worker morale but to higher op- 
erating costs as well. Poor working conditions lead to high turnover, 
absenteeism, low productivity, and poor quality. So in a sense, when 
robots are employed in such conditions, not only is the worker's welfare 
a factor but a robot can also prove very cost-effective. 


Safety. Safety, just as personal welfare, has an economic connotation. 
To bring certain manufacturing processes up to safety standards can be 
quite expensive. Many times it is considerably cheaper to utilize robots 
in the various areas than to purchase the sophisticated safety equipment 
to protect the operator. Using robots in these areas can improve worker 
morale, increase productivity, and reduce cost. 
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New Technology. Іп the areas of research and development robots are 
installed for developmental purposes. The motivation behind such in- 
stallations is to provide knowledge and expertise in the area of robotics 
that can later be applied to the implementation of robots. Economic 
returns are received by a reduction in time needed to get robots in pro- 
duction. 


Competitive Pressure. Manufacturers are concerned with lower pro- 
duction cost. However, sometimes it takes pressure from the competi- 
tion to initiate innovations. If none of my competitors are using robots, 
then why should I? But just let one competitor start to use robots and 
gain a price advantage. After this happens, the implementation of robots 
becomes more attractive. A word of caution: Avoid the me too syn- 
drome. Robot implementations have to be based on firm economic de- 
cisions and not on boastful purposes. 

With the demand for greater flexibility robots have an advantage 
over dedicated equipment. As product cycles and market demands 
change, robots can be reprogrammed for a quick changeover. This will 
enable the manufacturer to introduce new products or design changes 
quickly and easily. This flexibility can give manufacturers an advantage 
over their competition. 


Economic Justifications 


The consideration to invest in robots may stem from one or more of the 
previous factors. Even though they are considered noneconomic, one 
can see that each makes an economic contribution as well. The decision 
to invest in robots may be based solely on economics. It is usually eco- 
nomics that plays the key role. The discussion concerning economic 
justification that follows is not intended to make a person an economic 
specialist. The subject of engineering economics requires more in-depth 
study than can be provided by this text. The purpose of this section is 
to provide the reader with a greater awareness of the various factors 
that must be considered when preparing investment proposals. 

Since the industrial robot is considered equipment, it must be han- 
dled with the same scrutiny as any other equipment. This scrutiny can 
be regarded as economic analysis. There are two situations where eco- 
nomic analysis is used. The first situation involves investment in equip- 
ment for a new application. This is referred to as avoidance costs. The 
second involves the replacement of an existing method and is known as 
cost saving. 

Investment decisions are used to determine the most efficient al- 
location of capital to investment proposals whose benefits are to be re- 
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alized in the future. In order to make a decision, there must be at least 
two alternatives. One alternative may be a present method. The other 
alternative тау be a new proposed method. In simple terms you are 
asking the question, "Should I continue with the present method or 
should 1 make the necessary expenditures?" The investment vou are 
proposing has to be judged on whether or not it provides a return equal 
to or greater than required by the investor. Most companies establish 
benchmark criteria for return on investment and payback period that 
investment proposals must meet. A typical example may be a 25 percent 
return on investment and a payback period of less than two vears. 


Tools Used in Making Decisions. Тһе literature on the economic eval- 
uation of robots focuses mainly on a discussion of payback. Investment 
decisions based on payback can be misleading. Other factors such as 
return on investment and discounted cash flows must be considered as well. 
Several tools are available for making investment decisions. Tools such 
as tax credit, depreciation, tax rates, payback, return on investment, 
present value, net present value, cost of capital, and production infor- 
mation provide insight for making decisions. Since the variables affect- 
ing the decision are relatively well known and can be quantified, the 
decision can be made with a great deal of confidence. Some of these 
factors will be explored in depth in the following paragraphs. 

Present-value or discounting procedures are used to determine the 
present value of money we expect to receive in the future. Since benefits 
from an investment are to be derived sometime in the future, it is more 
equitable to examine them in terms of their present value. By doing this 
the investment alternatives are placed in a better perspective. The fol- 
lowing example will be used to illustrate present-value procedures. 

Suppose someone made you the following proposition. You can 
receive S1000 today or wait and receive 51450 four years from now. 
Which one should vou choose? You will have to determine if $1450 will 
be worth more in four years than $1000 is today. We know that inflation 
reduces the buying power of the dollar each year, so inflation has to be 
taken into consideration. For the examination we will use an arbitrary 
inflation rate of 10 percent. The following formula will help you make 
vour decision. 


F 
P = — 
2 = 0" 
15 
л. 2-0. рук 


(( +)" (1-010 146 


where 
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=, 


expected rate of inflation 


n = number of vears 


present value 


F 


future amount 


This shows that at 10 percent inflation $1450 will be worth $990.44 
four years from now. This is the discounted value of $1450 after four 
years at 10 percent. It would be to your advantage to take the 51000 
now. 

Depreciation is an accounting procedure used to periodically reduce 
the value of an asset. It is a noncash expense used for tax purposes to 
show the using up of assets such as machines, buildings, and so on. 
The value of an asset declines as its useful life is expended. 

Several methods are used to depreciate equipment. Some use the 


straight-line method, while others may use a more accelerated method of 


depreciation. The straight-line method reduces the asset's value a uniform 
annual amount over its estimated useful life. The accelerated method 
reduces the book value of assets rapidly in the early vears and more 
slowly in the later years. This rapid rate of depreciation provides early 
tax deductions, which tend to increase profits. However, if a significant 
tax increase is enacted during the useful life of the machine, it may have 
a negative effect. 

Two methods of depreciation, straight-line and sum-of-years, will 
be used to illustrate normal and rapid rates of depreciation. They will 
be applied to the following data. 


Cost of machine: 522,000 


Estimated salvage value: $2000 


Useful life: 5 vears 


Straight-Line Method 


cost — salvage 
estimated useful life 
$22,000 — 2000 


= E сү 
Е $4000 


Annual depreciation 


Sum-of-Years Method 


First, determine amount of depreciation: 
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Cost — salvage = $22,000 - 2000 = 520,000 
Second, total the number of years listed: 
ЕЕЕ oe 5 


Third, place each of the vears represented over the denominator of 15 
and list in reverse order: 


5/15, 4/15; 3/15, 2/15, 1/15 ос 33.3%, 26,7%, 209094713. 3025: 6. 2 


Yearly Depreciation 


Rate Amount Yearly 
Year (%) Depreciated Depreciation — Stated Value 
1 33:3 $20,000 5 6,660 $13,340 
2 26:7 20,000 5,340 8,000 
3 20.0 20,000 4,000 4,000 
4 13:3 20,000 2,660 1,340 
5 6.7 20,000 1,340 0 
Total 100.0 $20,000 


Investment tax credits generally are initiated when the economy is 
slow or sluggish. Investment tax credits enable investors to deduct from 
their tax liability a percentage of the cost of new machinery and other 
equipment. The purpose of the tax credit is to encourage companies to 
invest in new equipment, which in turn should help boost the economy. 
The latest investment tax credit permits a company to deduct 10 percent 
up front. The equipment must remain in production for five vears in 
order to receive the full benefit. Anything less than five years is prorated 
at 2 percent per year. For example, if you purchased a piece of equipment 
and only kept it in production for three years, you would be required 
to repay 4 percent of the deduction (2 percent times the number of 
remaining years). 

Taxes play an important role in investment decisions. Taxes are 
often the deciding factor because a saving in taxes can vield an increase 
in profits. The tax rate for corporations is based on the amount of income 
and is subject to change. P'resently, the tax rate for the first $25,000 of 
income is 16 percent. After the income exceeds $100,000 the tax rate 
increases to approximately 50 percent. The average tax rate for larger 
corporations is generally figured at 50 percent. 

Payback period is expressed in years. The year of payback can be 
defined as the year when the earnings of the investment alternatives 
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equal the cost of investment. The whole rationale behind payback is the 
quicker the investment capital is recovered the sooner it can be rein- 
vested. 

Payback period is a popular method used to justity robot instal- 
lation. However, economic justification based mainly on the payback 
period method can lead to poor decision making. Since payback does 
not take into account the time value of money and ignores income be- 
yond the payback period, decisions based solely on payback are inap- 
propriate. In order to choose the most appropriate alternative, you must 
consider the return on investment and net present value as well as payback 
period. 

Return on investment, or internal rate of return, can be defined as 
the interest rate which causes the investment to be equal to the dis- 
counted future earnings. The interest rate is determined by trial and 
error. There is no procedure that can be directly used to determine the 
rate of return. The following formula is used to determine the rate of 
return for the investment: 


І = EUN + SEC ES +з + = 
ЕТЕ т UD JETE 
where 
I = investment 
CF = cash flow earnings 


It 


interest rate that makes earnings equal investment 


Net present value is the amount by which the present value of pro- 
jected income exceeds the cost of the investment. It is a method used 
to evaluate the desirability of an investment. The net present value for 
each alternative can be computed as follows: 


СЕ ЕЕ 
т = 
Gog): (Л <= Seley 
where 
NPV - net present value 
CF - cash flow (earning) 
COC - cost of capital (interest rate a firm pays for capital) 
І = investment 
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The payback period, return on investment (ROI), and net present 
value will be computed for the data concerning three alternatives to 
determine the best alternative. The cost of capital is to be figured at 20 
percent. The mathematical computations will only be shown for alter- 
native 2. 


Data 


Alternative Alternative Alternative 
1 2 D 
Investment 5 8,000 $10,000 S 6,000 
Earnings 

1 1,000 6,000 — 
Years 2 5,000 3,000 6,000 
3 8,000 2,000 2,000 
4 2,000 8,500 2,500 
Total $16,000 $19,500 $10,500 


The formula used to determine approximate rate of return for each 
alternative is 


Vu L e ы т 
2 (1 + i)? 
Alternative 2: 
= 6000 " 3000 e 2000 В 8500 
@ + 0.42)! (1 032» ЖЕ: (МОР (0 NES 
] - 9936 


The rate of return is approximately 32 percent for alternative 2. Rates 
of return for alternatives 1 and 3 are approximately 30 and 24 percent, 
respectively. 

The formula used to determine net present values for the alter- 
natives is as follows: 


CE СЕ 
XU ES == t Lue vo. жесе лесу 
E jm (15 СОС) 


806 à 


For alternative 2 
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мру = 9000 — , 902 — 2000 ш 
mW X020) (15 0.20f (180090) (шо 020): 
- $10,000 = 512,339 - 10,000 = 52339 


In order to determine which alternative is the most appropriate, 
data concerning return on investment, net present value, and payback 
have to be analyzed. The following is a summary of those data: 


Summary of Data 


Alternative Alternative Alternative 


1 2 3 
Investment $ 8,000 $10,000 5 6,000 
Earnings $16,000 $19,500 $10,500 
Payback 2: уг. 3 mo: 2 yr. 6 mo. 2 yr. 
ROI 30% 32% 24% 
МРУ $ 1,889 512/330 о 529 


As was pointed out earlier, decisions based on payback сап be 
misleading. According to payback, alternative 3 is the best solution. 
However, when you consider ROI and NPV, alternative 2 is the best 
solution. 


Economic Analysis. Some of the basic tools that are available for mak- 
ing investment decisions have been discussed. But to really understand 
their relationships one has to do an economic analysis. An economic 
analysis is a systematic approach concerned with capital investment. It 
provides the basis upon which to make a decision. Although there are 
several methods of economic analysis that can be employed for capital 
investment, the most common ones used in conjunction with machine 
purchasing are return on investment (ROI), payback, and discounted cash 
flow. These terms were briefly discussed in the preceding paragraphs. 
Now we shall use them to determine the most appropriate alternative 
for a manufacturing operation. 

Although ROI is generally used to compare a prospective ma- 
chine’s saving to its investment, the example that follows will use the 
ROI to compare a proposed robot’s saving to the present method of 
operation. The savings will be generated through the elimination of two 
production workers, reduced scrap, tax credit, machine depreciation, 
and salvage. For the sake of simplicity expenditures concerning building 
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Figure 4-7 
DATA ANALYSIS FOR MANUAL OPERATION 


Data Sheet Costs — 
Savings 
+ 
Project Tille— Manual Method 
Alternative 1 


Project Life 


Totals 
Investments 
1. Equip. and 0 0 
accessories 
Depreciation 
2. Straight-line 
3. Depr. tax reduction 
(Line 2 x 50%) 
Invest. tax credit (10%) 
Salvage value 
Expenses 
4. Vol. of parts 200.0 220.0 200.0 180.0 150.0 
5. Cost of production -400 | —44.0 | —40.0 | -36.0 | -30.0 
6. Scrap rate, 4% _ о та ДЫ Ет? 
7. Maint. support 
8. Eng. support 
9. Add. tooling 
10. Training costs 
1l. Travel 
12. Rearrangements 
Total expense 
13. (5-12) -41.6| -45.8 | —41.,6 | -37.4 | -31.2 | — 197.6 
14. Exp. item tax reduct. 20.8 DU) 20.8 18.7 15.6 98.8 
(Line 13 x 50%) 
15. Total after-tax cash 0 -208 | —22.9 | -20.8 | —18.7 | -15.66 |- 98.8 
flow 
16. 20% Present worth 1.00 0.83 0.69 0.58 0.48 0.40 
factor. 


17. Present worth dollars 0 


(Line 16 x 15) 


occupancy, utilities, property taxes, insurance, and cost of inventory 
have been omitted. Only major savings and expenditure line items will 
appear on the data sheets (Figures 4-7 and 4-8). The data sheets are a 
systematic way of presenting data so it can be easily analyzed. The 
following data provide the background information for the analysis. 
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Figure 4-8 


DATA ANALYSIS FOR ROBOT OPERATION 
Data Sheet Costs — 
Savings 
+ 


Project Title 


Robot Machine Loading 


Alternative 2 


Investments 


Project Life 


Totals 


l. Equip. and accessories 

Depreciation 
2. Straight-line —45.0 
3. Depr. tax reduction die) 


Invest. tax credit (10%) 
Salvage value 


Expenses 


Total expense 


135 
14. 


15. 


16. 


W 


(Line 2 x 50%) 


Vol. of parts 

Cost of production 
Scrap rate 0% 
Maint. support 
Eng. support 
Add. tooling 
Training costs 
Travel 
Rearrangements 


150.0 
0 


=3.0 
= ІШІ) 


(5-12) 

Exp. item tax reduct. 
(Line 13 x 50%) 
Total after-tax cash 
flow (3-14) 

20% Present worth 
factor 

Present worth dollars 
(Line 16 x 15) 


Milling and Drilling Study 


Years of study, 5 

Tax rate, 50% 

Cost of capital, 20% 

Volumes, 200K, 220K, 200K, 180K, and 150K 


Factors to Consider in the Selection and Implementation of Robotic Technology 


Alternative 1. Manual Machine Loading/Unloading 
Milling Machine: 
Cycle time, 0.5 min 
Production rate— hour per 100 pcs., 0.833 
Scrap rate, 4% of production 
One operator, $8.00/hr + 50% for general benefits 


Drill Machine: 
Cycle time, 0.5 min 
Production rate—hour per 100 pcs., 0.833 
Scrap rate, 496 
One operator, $8.00/hr + 50% for general benefits 


Alternative 2. Robot Machine Loading/Unloading 
Cost of robot and accessories, 50K 
Production rate—hour per 100 pcs., 0.833 
No scrap 
Rearrangement, $6000 
Engineering support, $1000 per vear 
Maintenance support, $3000 per year 
Training cost, $3000 
Travel, $1000 
Salvage, $5000 
Straight-line depreciation 
Tax credit, 10% 


The data sheet (Figure 4-7) for the manual method (alternative 1) 
reveals that no expenditure is made for capital investment. The only 
expenditure involved was the cost for the production and scrap gen- 
erated. The cost of production per 100 pieces is calculated by multiplying 
the labor cost by 0.833. The total labor costs consists of two production 
workers' рау at $8.00 per hour each plus 50 percent for general benefits 
(total, $24.00/hr). The cost of production is derived by taking the pro- 
duction quantities times the cost per 100 pieces. Only one shift of op- 
eration is required to meet the production forecast. 


Cost of production (first year) 


2 , 
= ($24 x 0.833) x E = $39,984 or 40K 


The cost of scrap ($1600) is added to the cost of production. The 
50 percent tax rate will reduce the cash flow to $20,800. When the time 
value of money is applied to each year’s cash flow, the total expenditures 
for alternative 1 are $60,400 (Figure 4-7, line 17). 
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The analysis sheet (Figure 4-8) for robot machine loading (alter- 
native 2) reveals a total expenditure for the initial investment of $59,000. 
But the tax credit, salvage value, and tax reduction reduces the total 
cash flow to $44,500 for the initial investment. The method of straight- 
line depreciation is used for equipment and accessories. The deprecia- 
tion vields a tax saving of $4500 per vear. Support ES amount to 
$4000. After tax deduction the amount of expenses is reduced to $2000 
per vear. The adjusted cash expenses are subtracted from the saving 
(line 3 minus line 14). The calculation vields a cash flow savings of 52500 
per уеаг. The total time value of expenditures for alternative 2 is $35,100 
(line 17). 

A summary of the data in Table 4-1 reveals a return on investment 
(ROI) of 43 percent, a payback of 1.83 years, and a net present value 
saving of $25,300 for the robot installation. Alternative 2 is the best 
solution. 
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The question confronting many manufacturers today is whether they 
should employ robotic technology. The question is similar to questions 
presented in the previous section: "Do I continue with the present 
method or would 1 be better off emploving a method that utilizes a 
robot?" Many times the question concerning the use of robots may be 
brought to light because of some production problem. To rectifv the 
problem, the use of a robot may be considered. Contrary to what many 
believe, the robot is not the answer to all problems. There are situations 
where using a robot is not feasible. Each situation has to be analvzed 
on its own merit. Many experts have developed procedures to help 
analyze the various situations. Although each шау approach the prob- 
lem from different angles, each incorporates various sequential steps 
that are similar in nature. 

Before one starts to worry about the selection and implementation 
of robots, he or she must determine if one can be used. Robot manu- 
facturer representatives may have the answers to questions concerning 
robot limitations and capabilities, but no one knows the manufacturing 
processes better than those engaged in them. So the answers to many 
questions will have to come from within. Persons engaged in the man- 
ufacturing process know their problem areas and their requirements. 
They have to determine if the robot might be a possible solution. The 
decision should be based on facts and made as quickly as possible. One 
certain way to have a robot failure is to install a robot on the basis of a 
hunch or a management edict. Robot installations must be svstematically 
approached. 
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Table 4-1 
ROBOT LOADING VERSUS MANUAL 


Compute ROI, payback, and net present value of savings. 


I = difference in investment 
CF - difference in net cash flow (Line 15) 
i — solved bv trial and error 
Line 15 0 1 D 3 4 
Alternative 1 0 --2118 22:01 20:8: — 1827 
Alternative 2 — 44.5 2 2.5 2:9 250 
—44.5 29:3 25.4 2299 21/2: 
Try г = 40% 
CF К СЕ 
= Ж. 3 
(1+ i) (1 iy 
256 " 25.4 n 239 n 212 
— (140) (140% (140) (140) 


Se al 
qa + i! a+ ® 


ROI =] = 


5 Totals 
-156 -98.8 
— 32.0 

18.1 

18.1 

+ — = 46.9 
(1.40)° с 


Since 46.97 is greater than the investment, ап ROI of 40% is too low. 
Ani of 44% = 44.08 
Aniof 437; = 44.78 


Т; 


N 


ROI = Approximately 43% 


Payback Years Cash flow 
1 23.3 
2 25.4 
3 68:3 
4 с 
5 18.1 


Payback = 1.83 years 


Cum. total 
23-9, 
48.7 
72.0 
93.2 

111.3 


Net present value of savings can be determined Бу subtracting the grand 


totals of present worth dollars (Line 17). 
Line 17 


Alternative 1 = 60.4K 
Alternative 2 — 35.1K 
25.3K 


Net present value of savings — $25,300. 


Preliminary Determination of Robot Feasibility. The first decision is 
to determine the feasibility of using robots. To help manufacturers 
quickly assess situations, William Tanner, president of Tanner Associ- 
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ates and a noted robotics expert, formulated seven rules of thumb. The 
rules force manufacturers to look at such things as the complexity of 
operations, the degree of disorder, cycle times, production volumes, 
justification, multiuses, and worker attitudes. Tanner suggests that if 
the rules have a positive implication, then the robot is a right choice for 
the particular applications in question. 


Review of Available Equipment. If Tanner's rules yield a positive 
response, the next step is to formulate procedures to explore specific 
applications in more detail. The first thing one must do is to become 
familiar with the available equipment. Information pertaining to robot 
limitation, capabilities, and so on, can be acquired from various sources. 
One source is the robot manufacturers themselves. There are over 50 
U.S. vendors and 300 robot manufacturers worldwide. Other sources 
are the Industrial Robot Directory! and A Survey of Industrial Robots,? which 
do an outstanding job of presenting information about the robots avail- 
able today. 

As you research this material, you will find that robots vary in 
capabilitv and level of sophistication. Thev range from the limited-se- 
quence type to the more complex model controlled Бу a minicomputer. 
The task of matching the robot to a particular situation is not an easy 
job. To help with the task of comparing various robots, a matrix can be 
constructed for those robots that are of interest to vou. The matrix will 
provide you with a quick means of making a comparison. Also, it will 
prove most helpful in identifving a particular robot for a given appli- 
cation. The matrix should include such things as the model number, 
price, number of axes, type of controller, load capacity, work envelope, 
type of power supply, speed, accuracy, repeatability, methods of pro- 
gramming, and so forth. 


Identify Potential Applications. After you have constructed the ma- 
trix, the next step in the sequence would be to identifv some potential 
robot applications. One way to identifv possible applications is through 
a plant survey. Robot manufacturers are more than willing to assist vou 
with this task. If vou conduct this task on vour own, there are certain 
manufacturing applications that should attract vour attention. If the job 
is boring, dirty, hot, noisy, or presents a possible health or safety hazard, 
then the job is a candidate for robot application. Some other consider- 
ations are short product life, frequent design changes, familv of parts, 
batch to high production volumes, minimum tool requirements, mini- 
mum parts count, and multishift operations. Board applications such as 
materials handling, component insertion, inspection, and testing are 


! Published by Technical Data Base Corp., Conroe, Texas, 1984. 
* Published by Leading Edge Publishing Inc., Dallas, Texas, 1982. 
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also likely candidates for robots. Some applications can be identified by 
reviewing personnel and safety records. 


Analysis of Potential Applications. The plant survey should yield sev- 
eral possible manufacturing applications suited for robots. The next step 
is to select and construct application profiles of the most promising ones. 
The study ot the various applications will require more work than most 
people are aware of. It will involve several trips to the production floor 
as well as talking with the various personnel connected with the op- 
erations. The importance of drawing on the expertise of the operators, 
supervisors, engineers, and other manufacturing personnel cannot be 
overemphasized. In addition to studying the application, one must be 
familiar with the previous and subsequent operations because the in- 
stallation of a robot can have a ripple effect on the whole production 
line. Parts that are presented without regard to orientation may have 
to be oriented. Additional material handling and feeding devices may 
be required. Blueprints, specification sheets, production control, quality, 
and safety records are other avenues that have to be explored to gain 
additional information about those applications under investigation. 

In addition to understanding the application process, some nu- 
merical data has to be generated, for example, numbers and sequence 
of operations, parts flow, cycle time, product volumes, personnel re- 
quirements, product life, tests and quality checks, and other environ- 
mental factors. This information will be most helpful in determining if 
a robot is really capable of handling a job. 


Match the Robot to the Application. The profile of the potential robot 
applications should yield some favorable robot applications. The prob- 
lem now is to determine if the job can actually be handled by a robot. 
A method for using the robot will have to be developed. In reference 
to earlier comments, be certain to consider the previous operations. You 
may consider adding, deleting, or combining various steps in the man- 
ufacturing process. 

The previous review of material concerning available robots should 
aid in assessing the robot capabilities and matching the appropriate ma- 
chine to the given application. In addition to the robot, tooling and 
peripheral equipment needs must be assessed. Don’t be surprised if the 
peripheral equipment costs are higher than the robot. The cost could be 
three times or more. At this point you also need to arrive at a relevant 
machine cycle time. If laboratory facilities are available, realistic times, 
robot performance, and the process sequence can be refined by con- 
structing a prototype of the application under investigation. The infor- 
mation generated will help provide some of the critical data needed to 
develop the financial proposal. 
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Develop the Proposal. The first step in developing a proposal is the 
preparation of the financial analvsis. The financial analysis looks at in- 
vestment, expense items, savings, and other economic factors to deter- 
mine the most efficient allocations of capital to the investment proposal. 
Return on investment, payback periods, and discounted cash flows 
should be considered for each alternative to determine the most appro- 
priate solution. The financial analysis is used to document the necessary 
expenditures. Proposals without economic justification are doomed to 
be rejected. 

The proposal is a rather complex document. It generally follows а 
set sequence and addresses pertinent questions related to the proposed 
investment. The proposal begins with the statement of the problem. 
After the problem has been identified, a probable method ot solution is 
formulated. To support the proposed method of solution, a rationale 
has to be established. The rationale should include the noneconomic 
factors as well as economic justification. Other areas of the proposal 
address personnel requirements, required resources, a time schedule, 
and, last but not least, a budget. 


Develop and Refine the Application. After the proposal has been ap- 
proved, the details of the actual application have to be worked out. The 
necessary tooling has to be designed and ordered. The necessary safety 
devices should be included in this area as well. During this phase the 
proposed application process has to be debugged and refined before it 
can be released for implementation. Although this phase of the project 
has not been expounded on, don't be surprised to find the bulk of the 
project's time devoted to this area. This is the initial proving ground for 
the application. 


Implementation. Implementation is involved in getting the site ready 
for production. The floor space has to be prepared and the various ser- 
vice drops and safety devices installed. This may not seem like much 
of a problem, but tying a robot into a production line can wreak havoc. 
You want to create as little confusion as possible. Also, during the im- 
plementation, persons involved with the operation of the robot need to 
be trained. The key to success for any operation is to have personnel 
who are adequately trained. Without this training the application is cer- 
tain to be in jeopardy. 


Provide Maintenance and Training Programs. The success of a robot 
installation often hinges on adequately trained operators and the will- 
ingness of the workers to accept the idea. Equally important to the suc- 
cess of the installation is the establishment of a maintenance program. 
Adequate maintenance personnel need to be trained. It is better to have 
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too many trained in the area of robotics than to have too few. There is 
always the problem of covering for people who are sick or on vacation. 
There is also the problem of turnover. People are transferred, retire, or 
accept a position with other companies. 

Many maintenance workers possess most of the technical skills 
needed to work on robots. But in addition to these skills, maintenance 
personnel have to become familiar with the manufacturing process and 
have a basic understanding of programming. Most robot manufacturers 
provide schools for training maintenance and other personnel. If only 
a few people are involved, it would probably be best to receive the 
training at the robot manufacturer's site. If several need training, it 
would be better to have the training taught at the installation sites. 

Other phases of the maintenance program should include the 
stacking of adequate spare parts. Down time means loss of production. 
It is important that the repairs be made quickly. Waiting for a part from 
the supplier can be embarrassing. The robot manufacturers will supply 
you with a list of spare parts to stock. As personal experience is gained, 
a more appropriate list of spare parts for your operation will be gen- 
erated. 

The ongoing success of a maintenance program is to provide up- 
to-date training. In-service and retraining programs should be a vital 
part of any manufacturing operation. Not only are these programs 
needed for the technical personnel, but for all employees in general. 
Needs for the various groups have to be identified and training programs 
instituted. Most universities and technical schools are willing to assist 
in providing this service to industry. 

Several factors have been presented that should facilitate the iden- 
tification, selection, and implementation of robots. This list of factors is 
not all-inclusive. Only some of the more major considerations have been 
discussed. These factors were presented in a set sequence where de- 
cisions could be made early in the investigation. The very first step in 
the sequence may rule out robots. The following is a summary of the 
factors that were discussed. 


Determine robot feasibility. 

Review available equipment. 

Construct a matrix to compare equipment. 
Identity potential applications. 

Analyze potential applications. 

Select the most promising applications. 
Match the robot to the application. 
Develop the proposal. 

Develop and refine the robot application. 


The Future of Robotics 105 


Prepare the site and install the robot. 
Establish a maintenance program. 
Provide in-service and retraining programs for personnel. 


The Future of Robotics 


Recent sales figures indicate that the United States has done a better job 
of building robots than they have of selling them. Maybe this is due to 
the improvement in the economy. Or maybe the would-be purchasers 
are developing a wait-and-see attitude about this new technology. Robot 
brain power is expected to increase in the future. The increased memory 
capacity and improved software should provide a generation of more 
sophisticated, competent robots. Some may be waiting for these im- 
provements to occur before making any major investments. Some of the 
other future trends in robotics are discussed below. 

Because of the nature of the beast and the stigma attached to the 
robot, it is only natural for people to compare robot performance with 
human performance. Researchers and robot manufacturers are busily 
working on sensory perception for the robot. The use of vision, tactile, 
and voice communication is expected to increase in the future. Vision 
and tactile sensing show great promise in the area of part recognition 
and orientation. The main problem in this early development is that 
most vision systems are two-dimensional and robot reaction time is too 
slow. Tactile sensing for use in assembly and part recognition is being 
conducted by some of the major research institutions. lt is evident that 
better vision and tactile sensing capabilities will have to be developed 
if the robot is to reach its full potential in the assembly area. Since as- 
sembly is expected to be one of the largest users of robots in the future, 
better sensory perception is certain to come. 

Voice communication is in its infancy. Voice communication is 
being explored for programming and diagnostic purposes. Voice pro- 
grams are sought as an easy means of programming. Voice program- 
ming has proven successful in working with quadriplegics. Some robot 
experts see robot voice synthesizers used to explain work situations or 
possible ailments. 

The robots of the future are expected to be smaller, more mobile, 
multiarm machines with increased speed, accuracy, and repeatibility. 
More off-line, easier, and faster means of programming are also ex- 
pected. Another area where improvements can be expected is end-of- 
arm tooling. More general-purpose end effectors will be developed. 
Also, one can expect greater use of quick-change tooling, especially since 
more robots will be used in assembly. 
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In the past few years several manufacturing companies have en- 
tered the robot business. In 1980 five major robot manufacturers dom- 
inated 94 percent of the market. In 1983 their share of the market 
dropped to approximately 60 percent. Purchasers of robot systems will 
benefit from more companies entering the market. The robot capabilities 
will be enhanced and the competition will hold down the prices. How- 
ever, several of the smaller companies are destined to fall by the way- 
side. 


of Robotics 


It is evident to all of us that we are living in an era of change, and with 
change comes resistance. Whether it be a new product, a service, a new 
discovery, or even a new breakthrough in medicine, people are skeptical 
of change. This skepticism is usually prompted by our ignorance of the 
subject. Until we become more knowledgeable of the subject, our atti- 
tude is going to be very negative. 

If change creates a feeling of uneasiness, what about the rate of 
change? We are living in a time when the rate of change is at its peak. 
Technological advances are being heaved upon us at such an alarming 
pace that it is impossible to keep abreast with some of the more noted 
developments, let alone the lesser ones. Psychologists tell us that it isn't 
so much the change that causes the unrest and anxiety but the rate of 
changes. Never before has the rate of change been so high in our society. 
Acceptance of this change may be slow, but we will have to adjust. As 
society becomes more informed of what the robot can do for us instead 
of fo us, acceptance is inevitable. 


Displacement of Workers. With unemployment at one of its all-time 
highs, the mere mention of robots creates a lot of unrest. Many people 
are concerned that the robot will take jobs away from an already de- 
pressed job market. True, robots will eliminate jobs. But there are jobs 
that need eliminating. Jobs that are dirty, dangerous, hazardous, de- 
meaning, and mind-destroying need eliminating. 

It is safe to say that the robot will not cause any mass displacement 
of workers. It is conceivable that 40,000 jobs could be affected by robots 
in 1990. Although this figure may seem astounding, it only represents 
approximately 0.05 percent of the blue-collar work force. A more con- 
servative estimate is that 25,000 jobs will be lost to robots. 

Past history reveals, except for a few periods, that a major dis- 
placement of workers from one occupation is offset by additional jobs 
developed by the new technology. It is estimated that the robot could 
eliminate 25,000 jobs, but at the same time it could create 100,000 jobs 
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needed to build robots and peripheral equipment. Not only would the 
market be able to absorb those displaced, but it would provide job op- 
portunities for new workers entering the labor force. 

Much has been said about the negative effects of robots, but what 
about the positive aspects? The robot is definitely going to affect the 
work environment of the worker and the supervisor. Both are going to 
have more challenging jobs. The supervisor's job is going to consist more 
in planning activities and less in people supervision. The supervisor will 
have to be more knowledgeable in the areas of maintenance and ad- 
ministration. The production worker's job will be more enriched. Also, 
the production worker will have to be more technically competent and 
more knowledgeable about the whole manufacturing process. One of 
the most significant changes the worker will notice is that the manu- 
facturing environment will be a cleaner and safer place to work. 


Increased Educational Opportunities. Education has been expressed 
as the foundation on which progress is based. This is especially true of 
technical progress. Today the demand for educational training in the 
area of automated manufacturing and robotics is increasing by leaps and 
bounds. Meeting this demand will require a joint effort on the part of 
labor, business, government, and educational agencies. No one sector 
of society can handle the task. The question is pure and simple. Which 
costs more—education or welfare? It is evident that welfare is a drain 
on rather than a contributor to society. It can destroy a person's live- 
lihood and kill incentive. Provide someone with the necessary education 
and technical skills to do a job and she or he will be a contributor to 
society again. 

The education requirement will have two aspects. One will involve 
the training of those individuals who will be entering the labor force. 
This means that school curriculums will have to be changed to more 
closely reflect the needs of business and industry. The other type of 
training required is retraining programs. The retraining program is a big 
undertaking because that is where the greatest need will be. Seventy- 
five percent of the labor force for the year 2000 is in the labor force today. 
Of the workers displaced by robots, approximately 70 percent will need 
retraining for new positions. From the percentages just mentioned, one 
can easily see that retraining is a big job and it is obvious that no one 
sector of society can handle it. It must be a joint effort. 


REVIEW QUESTIONS 


1. List four advantages and four disadvantages associated with the 
utilization of robots. 


107 


108 


Factors to Consider in the Selection and Implementation of Robotic Technology 


2 


13. 


14. 


l5; 


Cite the seven major robot production applications. Which three 
are the most common? Which one will receive greater attention in 
the future? 

The decision to invest in robots can be based on noneconomic as 
well as economic factors. List and explain four noneconomic factors 
that can influence the investment decision. 

Name two situations where economic analysis is used. 

List and briefly explain the seven tools that are available to assist 
you in making an economic decision. 

If someone were to offer you $1500 today or $2000 three years from 
now, which should you choose? To help you arrive at your deci- 
sion, compute the present value for $2000 at 10 percent inflation 
per vear. 

Compute the straight-line depreciation and the sum-of-years de- 
preciation for an investment of $30,000 for a piece of equipment 
with an estimated salvage value of $5000 and a useful life of five 
years. 

Compute the return on investment, payback period, and the net 
present value of a $20,000 investment with earnings of 59000 for 
the first year, $5000 for the second year, $7000 for the third year, 
and $8000 for the fourth year. Cost of capital is 20 percent. 
Several systematic approaches have been developed for the pur- 
pose of identifying, selecting, and implementing robot applica- 
tions. Summarize the approach presented bv this text. 

List six future trends in robotics. 

What are two problems associated with vision sensing? 

People are generally skeptical of change. What argument can you 
give for their reluctance to accept change? 

Some experts advocate that robots will eliminate jobs while others 
say robots will create jobs. What is their reasoning behind these 
statements? 

What effect will robots and other automated equipment have on 
the factory supervisor and the production worker? 

Why will more emphasis be placed on retraining rather than on 
training in the future? 


Chapter 5 


AUTOMATED 
MANUFACTURING SYSTEMS 


The advancement of science and technology has brought about some 
very important changes in the manufacture of industrial products. These 
include improvements in such areas as product inspection, quality con- 
trol, detection, automatic processing, sequence timing, and the use of 
microprocessors. 

At one time industrial manufacturing operations were limited to 
systems and devices that were manually controlled. Gaseous tubes, 
magnetic contactors, and electrical switchgear served as the primary 
contro] devices. Recent developments in solid-state electronics and mi- 
crominiaturization have brought a number of significant changes to au- 
tomated manufacturing. Electromechanical, optoelectronic, hydraulic, 
and pneumatic systems are often combined in the control of a single 
machine. Industrial robots are examples of machines that use several of 
these systems to achieve operation. 


The Systems Concept 


The systems concept is intended to serve as a "big picture" in the study 
of automated manufacturing systems and robotics. In this approach a 
system can be divided into a number of subsystems. The role played 
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by each subsystem will then become more meaningful in the operation 
of the overall system. Through this approach one should soon be able 
to see how some of the "pieces" of an automated manufacturing system 
fit together to form a functional unit. 

The word system is defined as “an organization of parts that are 
connected together to form a complete unit." There are a wide variety 
of different systems used in industry today. An electrical power system, 
for example, is needed to produce electrical energy and distribute it 
within a system. Hydraulic and pneumatic systems are used in industry to 
accomplish automated operations and to control other system functions. 
Optoelectronic systems are commonly found in inspection applications and 
for various types of sensors. Mechanical systems are needed to hold objects 
for machining operations and to move them physically on a production 
line. 

Each system has unique features that distinguish it from other sys- 
tems. There is a common set of parts found in each system. These parts 
play the same basic role in all systems. The terms energy source, trans- 
mission path, control, load, and indicator are used to describe the various 
system parts. A block diagram of the basic parts of a system is shown 


in Figure 5-1. 
Energy 
Source 


Transmission 
Path 


Figure 5-1. Basic parts of a svstem. 


The Systems Concept 


Each block of a basic system has a specific role to play in the op- 
eration of the system. Hundreds of components are sometimes needed 
to achieve a specific block function. Regardless of the complexity of the 
system, each block must achieve its function in order for the system to 
operate properly. Being familiar with these functions and being able to 
locate them within a complete system is important in understanding the 
operation of a system. 

The energy source of a system is responsible for providing energy 
for the system. These sources include batteries and other «с sources, 
single-phase ac sources, and three-phase ac sources. 

The transmission path of a system is simple when compared with 
other system parts. This part of the system simply provides a path for 
the transfer of energy. It starts with the energy source and continues 
through the system to the load device. In some cases this path may be 
a single feed line, electrical conductor, light beam, or pipe connected 
between the source and the load. In other systems there may be a supply 
line between the source and the load and a return line from the load to 
the source. There may also be a number of alternate or auxiliary paths 
within a complete system. These paths may be series connected to a 
number of small load devices or parallel connected to many independent 
devices. 

The control section of a system is the most complex part of the entire 
system. In its simplest form control is achieved when a system is turned 
on or off. Control of this type can take place anywhere between the 
source and the load device. Control causes some type of operational 
change in the system. Changes in electric current, hydraulic pressure, 
light intensity, and air flow are some of the alterations achieved by 
automated manufacturing systems. 

The load of a system refers to a specific part or number of parts 
designed to produce some form of work. Work occurs when energy goes 
through a transformation or change. Heat, light, chemical action, sound, 
and mechanical motion are common forms of work produced by a load 
device. Normally, a very large portion of all energy supplied by the 
source is consumed by the load device during operation. The load is 
typically the most prevalent part of the entire system because of its work 
function. 

The indicator of a svstem is designed to display certain operating 
conditions at various points throughout the system. In some systems 
the indicator is an optional part, while in others it is an essential part 
in the operation of the system. In the latter case system operations and 
adjustments are usually critical and are dependent upon specific indi- 
cator readings. Automated manufacturing systems and robotic systems 
use various types of indicators. 
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The number of automated systems used in industry today is quite di- 
verse. The wide variety ot different products that are being manufac- 
tured requires many complex machines. Each industry has a number of 
automated systems and manufacturing processes. Automated industrial 
systems are ordinarily synthesized systems. Electrical, hydraulic, pneu- 
matic, optoelectronic, timing, and digital (numerical) systems are some 
of the major types of synthesized industrial systems. This classification 
(synthesized systems) serves as a basis for understanding various au- 
tomated industrial systems, including robotic systems. 


Electromechanical Power Systems 


Nearly all of the products manufactured by industries are the end result 
of the application of some electromechanical power system. Systems of 
this type are designed to transfer power from one point to another 
through mechanical motion that can be used to do work. Punch presses 
that move up and down in a reciprocating motion, rotating machinery, 
and the movement of robotic systems can all be produced through the 
use of an electromechanical power system. This type of system is im- 
portant to modern industry for all types of automated manufacturing. 


Mechanical Power Systems 


Mechanical power systems also have an energy source, a transmission 
path, control, a load device, and possibly one or more indicators in order 
to function properly. These parts are the basic elements of industrial 
systems. А mechanical power system is a system that produces some 
form of mechanical motion. As in other systems, the load is responsible 
for producing this action. An example is movement produced by an 
industrial robot. 

The energy source of a mechanical power system operates by trans- 
ferring energy of one type into something more useful. The energy 
source of a mechanical system is often electrical energy. 

The transmission path of a mechanical power system could be elec- 
trical conductors, belts, rotating shafts, pipes, tubes, or cables. These 
methods are used to transfer power from the energy source to the re- 
mainder of the system. Electrical current flow through conductors is one 
type of transmission. Hydraulic fluid or air can also be used to transfer 
mechanical energy through a system. Rotating machines are also used 
to develop mechanical energy and transfer it to other parts of the system 
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by belts, chain drives, or shafts. The purpose of the transmission path 
is to pass mechanical energy from the source to the load. 

The control of a mechanical power system is designed to alter the 
flow of power through the system. Control is accomplished by changes 
in hydraulic fluid and air flow, pressure, direction, force, and speed. 
Devices such as pressure regulators, valves, gears, pulleys, couplings, 
and clutches are commonly used throughout the system. Clutches, 
gears, brakes, and coupling elements are also used to control such var- 
iables as force, speed, and direction. 

The load of a mechanical power system is designed to produce 
some type of motion that can be used to do useful work. Three distinct 
kinds of motion are important in automated industrial applications: ro- 
tary, linear, and reciprocating motion. These motions can be produced 
by either electrical or fluid power systems. Industrial loads are ordinarily 
designed for continuous operation for long periods of time. Motors, 
relays, solenoids, actuators, and cylinders are typical devices used as 
loads for automated systems and industrial robots. 

In a mechanical power system indicators are used to measure a 
number of physical quantities. These include such variables as pressure, 
flow rate, speed, direction, distance, force, torque, and electrical quan- 
tities. Many of these quantities must be monitored periodically to assure 
proper system efficiency. A number of indicators are used to test system 
conditions during maintenance operations. There are several indicators 
particularly designed to measure the physical changes that take place 
in mechanical power systems such as industrial robots. 


Mechanical Parts of Industrial Robots 


The mechanical parts of industrial robots are critical to their operation. 
There are several unique terms used to define these mechanical parts. 
One important part is the basic mechanical unit, or manipulator. The 
manipulator of a robot is a mechanism which usually has several moving 
joints used to grasp and move objects. This mechanism performs the 
actual work function of the machine. 

Another basic mechanical part of an industrial robot is the actuator. 
An actuator is a motor which converts electrical, hydraulic, or pneumatic 
energy into mechanical energy to cause motion of the robot for per- 
forming work. Various types of motors are used as actuators (for ex- 
ample, dc stepping motors). 

Other mechanical parts of robots could include limit switches, used 
to break or close electrical circuits, and relays, used for electromagnetic 
control of sequencing operations. 
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Figure 5-2. Basic parts of a light sensing system. 


Sensing Systems 


Sensing systems have become one of the fastest growing and most di- 
versified areas in the study of industrial robots. New developments that 
combine optics, light, electromagnetics, and electronics have revolu- 
tionized automated manufacturing. Applications of sensing systems 
play a very important role in the automation of manufacturing. 

Sensing systems respond to various forms of energy. Light energy 
and electrical energy are widely used with sensing systems. A light 
source, transmission path, control, and load device are essential parts 
of the system shown in Figure 5-2. The light source of Figure 5-2 is 
produced by electrical energy. Light energy is released by the source 
when it is placed into operation. This energy is then directed away from 
the source in the form of an intense beam. Incandescent lamps, flames, 
glow lamps, electric arcs, solid-state light, and laser energy may be used 
as light sources. 

The transmission path of a sensing system is somewhat unique. 
In Figure 5-2 light energy from the source is emitted into space and 
travels in electromagnetic waves. Fiber optic rods could also be used as 
a transmission path in systems that must go around corners or be di- 
rected to unusual locations. 

Control of a sensing system could be achieved by breaking a light 
beam between the source and detector. Control is also accomplished by 
altering the intensity of the light source, its focus, shape, or wavelength. 
In the detector of the light system control is achieved by altering the 
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sensitivity of the detector. Adjustments of this type are built into the 
sensing system so that it can be adapted to specific operating conditions. 

The detector of a sensing system is that part designed to respond 
to some type of energy from the source. Various devices are used to 
achieve sensing. The output of a detector may be used to control a load 
device. The load device, as in other systems, produces some form of 
work. In some sensing systems the load may be controlled directly by 
light-source energy. In other systems light energy from the source may 
be detected and amplified to control the load. In some applications the 
entire detector unit may serve as the load. Sensing systems are now 
widely used with industrial robots. 


Timing Systems 


Turning a device on or off at a specific time or in step with an operating 
sequence is important in automated manufacturing. Systems designed 
to achieve this type of operation are called timing systems. Timing systems 
presently being used in industry include delay timers, interval timers, 
and cycle timers. Delay timing is designed to precede the energizing of 
the system load. When а system is placed into operation, there may be 
a required delay time before the load device actually becomes energized. 
Interval timing occurs after the load has been energized. For example, it 
may cause the load to remain energized only for a certain period of time. 
Cycle timing systems are typically more complex than delay and interval 
timers. They are designed to provide some type of energizing action in 
an operational sequence. This type of timing may include both interval 
and delay timing. 

Timing systems also include such things as thermal devices, motor- 
driven mechanisms, and mechanical, electrical, electronic, and electro- 
chemical devices. Many of these systems are energized by electricity. 
Hydraulic, pneumatic, mechanical, heat, and electrical energy may also 
be combined to achieve various types of control. Timing systems are 
used extensively in the control of industrial robots. 


Digital Systems 


One of the most significant developments that has affected automation 
is digital systems. Automatic fabrication methods, packaging, and ma- 
chining operations have been improved through advances in digital sys- 
tems. Іп systems that utilize this principle, coded instructions are sup- 
plied by perforated paper tape, punched cards, magnetic tape, or various 
physical changes such as pressure, temperature, or electricity. This in- 
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formation is changed into digital signals and applied to the system. The 
signals are decoded and directed to specific machines or machine parts, 
which then perform the necessary operations automatically. 

The term digital, or numerical, system implies that numerical signals 
are used to perform the control function of a system. Most numerical 
systems in operation today are powered by electricity. This source of 
energy is used to energize the load device, which performs the work 
function of the system. The control function of the system must be de- 
signed to respond to digital information. Tape machines, card readers, 
and microcomputers may be used to develop this information. Digital 
information must be translated into electrical signals. These signals are 
processed by the logic gates of a computer unit. As an end result, these 
signals are used to control various machine operations automatically. 

The load of a system may be electrical actuating motors or fluid- 
power cylinders designed to move the phvsical parts of a machine. When 
appropriate signals from the control unit are applied to the load, they 
will move some object to a specific location. Machining operations can 
be performed according to the information programmed into a digital 
system. Position location, clamping operations, and material flow can 
all be controlled by digital systems. Hydraulic, pneumatic, and electrical 
loads are all easily controlled by programmed information of digital sys- 
tems. They have revolutionized automated manufacturing methods. 

The major emphasis of Chapters 6-9 will be the electrical and me- 
chanical systems used with automated manufacturing systems and in- 
dustrial robots. The use of electrical and mechanical systems in industrial 
robot design is a critical element in their operation. The following chap- 
ters are organized by using the "systems" format and include coverage 
of (1) fluid power systems, (2) sensing systems, (3) control systems, and 
(4) electrical machines and power systems for automated manufacturing 
and industrial robots. 


Control Systems 


Various types of control systems are used for the operation of automated 
manufacturing systems and industrial robots. 

The control of industrial robots is accomplished by several electrical 
and electronic circuits. Some robots have arms controlled by external 
sensors, while others have mechanical limit switches to act as stops for 
pick-and-place operations. Servo systems (see Chapter 9) may be con- 
trolled by sensors which control the motion of the robot's arm. 
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Among the simplest control systems are nonservo, or open-loop, sys- 
tems which use sequencers and mechanical stops to control the end 
point positions of the robot arm. Robots of this type are sometimes called 
“pick-and-place” or "fixed-stop" robots. Іп terms of control, more com- 
plex robots are programmable servo-controlled robots. These robots are 
called “point-to-point” or "continuous-path" types. These robots move 
in a series of steps from one point to another in a smooth, continuous 
motion. Programmable robots are typically used for arc-welding and 
painting operations. 


Control Unit Selection 


The actual control unit of an industrial robot determines its flexibility and 
efficiency. Some robots have only mechanical stops on each axis, while 
others have microprocessor or minicomputer control with memory ca- 
pability to store position and sequence data for controlling motion. Some 
important factors in the selection of a control unit are (1) speed of op- 
eration, (2) repeatability of the control operation, (3) accuracy of posi- 
tioning, and (4) speed and ease of reprogramming. 


Control of Automated Manufacturing 


Control of an automated manufacturing system is accomplished by some 
type of human input or by a physical change that occurs automatically. 
During production activities at an industry, control systems are contin- 
ually at work. Control adjustments that alter machine operation must 
be made periodically. Automatic control is often accomplished by so- 
phisticated and complex control systems. The control functions of au- 
tomated manufacturing systems range from very simple on-off opera- 
tions to complex automatic controls that sense a physical change and 
alter machine operation accordingly. 


Basic Control Systems 


There is a wide variety of devices used as control systems. The most 
basic type of control system is referred to as an open-loop system. Open- 
loop systems are used almost exclusively for manual-control operations. 
There are two variations of the open-loop system. When a system is 
simply turned off or on, it has full control. Switches, circuit breakers, 
fuses, and relays are used to achieve full control. Full control is designed 
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Figure 5-3. Closed-loop system diagram. 


to start or stop the system. In an electrical circuit current stops when 
the circuit path is opened. Another type of open-loop control is partial 
control. Іп an open-loop system partial control alters svstem operation 
rather than causing it to start or stop. In an automated manufacturing 
system resistors, inductors, transformers, capacitors, semiconductor de- 
vices, and integrated circuits are commonly used to achieve partial con- 
trol. 

In order to achieve automatic control, there must be some type of 
interaction between a controlled element and the control section. In a 
closed-loop system this interaction is called feedback. Both full and partial 
control can be achieved through a closed-loop system. Figure 5-3 shows 
the basic diagram for closed-loop control. The feedback part of this dia- 
gram can be activated by electrical, thermal, light, chemical, or me- 
chanical energy. 

Figure 5-4 shows the block diagram of a closed-loop system with 
automatic correction control. In this system energy from a source passes 
to the control element and to the controlled element. A feedback loop 
from the controlled element is applied to a comparator. The signal is then 
compared with that of the reference source. А correction signal is de- 
veloped by the comparator and sent to the control system. This signal 
is used to alter the system so that it conforms with operational data from 
the reference source. Systems of this type are designed to maintain the 
controlled element at a certain operating level regardless of its external 
variations or disturbances. 

Many of the automated manufacturing systems used in industry 
today are of the closed-loop automatic-control type. Reference signals 
from a punched tape or cards or microcomputer unit are fed into a 
comparator along with the feedback signal. An error correction signal 
is then developed that will alter system control accordingly. 

The control of automated manufacturing systems has gone through 
many changes in recent vears. The control function deals with anything 
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Figure 5-4. Closed-loop automatic control system. 


that changes the operation of the system. Control devices are sometimes 
obvious parts of a system. A number of control devices, however, are 
not obvious to the observer. These include devices that change the am- 
plitude, frequency, waveshape, time, or phase of signals passing 
through the system. These functions play a very important role in au- 
tomated manufacturing systems. 

The complexity of a system primarily determines the number of 
control functions needed to achieve a specific system operation. In many 
cases there are a number of components used to achieve a similar func- 
tion in different parts of a system. 


REVIEW QUESTIONS 


1. Discuss some ways in which manufacturing operations have 
changed in recent years. 


2. What are some systems that must be utilized in the operation of 
manufacturing equipment? 

3. What is a system? 

4. What are the basic parts of a system? 

5. What is a synthesized system? 

6. Why are industrial robots considered to be synthesized systems? 

7 


How are mechanical power systems used in the operation of in- 
dustrial robots? 


8. How аге sensing systems, timing systems, and digital systems used 
in the operation of industrial robots? 


9. How is control of industrial robots accomplished? 
10. Whatis an open-loop system? 
11. What is a closed-loop system? 
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12: 
19: 
14. 
15. 
16. 


What is а point-to-point robot in terms of control? 

What are some factors in selecting a control unit for a robot? 
Discuss briefly the control of automated manufacturing systems. 
What is meant by (a) full control and (b) partial control? 

What is feedback in a closed-loop system? 


Chapter 6 


SENSING SYSTEMS 


The control of automated manufacturing systems and industrial robots 
is, in many cases, dependent upon various types of sensing systems. 
Many systems perform their basic operation because of inputs from 
some type of sensing system. А sensing system usually converts one 
type of energy, such as light, heat, sound, electromagnetic, or mechan- 
ical, into electrical energy. The electrical energy supplied to the man- 
ufacturing system by means of a sensor input may then affect the opera- 
tion of the machine. Some modification in machine operation is caused 
by sensing system inputs. 


Sensor Control of Robotic Systems 


Sensor control of robotic systems allows the robot to determine its own 
action based upon its sensing capability. Simple sensor control is ac- 
complished by contact switches which stop the arm movement or open 
and close grippers. More complex robotic systems use touch, force, or 
torque sensing to affect operation of the system. Touch sensing, for 
example, тау be used to determine position and identify parts. Prox- 
imity, range, and vision sensing svstems may also be rather complex in 
nature. 
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The use of sensors gives industrial robots a new dimension of use- 
fulness. Sensors provide a higher level of intelligence by allowing a 
greater degree of decision-making capability. The following sections dis- 
cuss some of the types of sensors used with robotic systems in industry. 


Proximity Sensors 


Proximity sensors are electronic devices that sense the closeness of some 
object. Most proximity sensors detect the absence or presence of an 
object within a sensing region. Others provide feedback relative to the 
distance between the sensor and an object (usually an end effector). 

Optical proximity sensors measure the amount of light reflected 
from an object. They may use either visible or infrared light. Most optical 
sensors require a light source. Incandescent lights can be used; however, 
light-emitting diodes (LEDs) are generally preferred since they have 
greater reliability and are not sensitive to shock and vibration. 

LEDs or solid-state lamps are small, lightweight optoelectronic de- 
vices. They are easily used with digital and other miniaturized systems. 
The semiconductors used in LED fabrication have the unique property 
of producing photoemission when an electrical potential is applied to 
the LED. Thus, electrical energy causes the radiation of visible light en- 
ergy. The response of LEDs varies according to the type of semicon- 
ductor materials used in their design. LEDs are made to produce dif- 
ferent colors of light. The wavelength of radiated energy from an LED 
is beyond the visible range. 

Eddy current proximity sensors are magnetically operated devices 
that produce a magnetic field in the small space of a detector unit, which 
may be mounted in a probe assembly. The magnetic field produced by 
this type of sensor induces eddy currents into any conductive material 
that is near the probe assembly. A pick-up coil may be used to sense 
any change in magnetic field intensity to detect the presence of an object 
at a close distance. 


Reed Switches 


Another magnetic sensor that may be used is a reed switch. Reed 
switches are unique devices that respond to a controlled magnetic field. 
They are designed to make and break contact when exposed to either 
а permanent magnetic field or to an electromagnetic field. 

The contacts of a reed switch are housed inside a hermetically 
sealed glass tube. When actuated, contact sparks are isolated from the 
outside environment. Construction of this type lends itself well to ex- 
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plosion-proof applications. Switch contacts are also isolated from outside 
dust and corrosion, which means improved operating life expectancy. 

Physically, a dry reed switch contains two flat metal strips, or 
“reeds,” housed in a hollow glass tube filled with an inert gas. When 
the reeds are exposed to a magnetic field, they are forced together, thus 
making or breaking contact depending on their design. The normally 
closed switch breaks contact when influenced by a field. Normally, open 
contacts, by comparison, are forced closed when influenced by a mag- 
netic field. 

Touch-sensitive proximity detectors operate on capacitance devel- 
oped by a large conductive object (such as the human body). This ca- 
pacitance changes the resonant frequency of a tuned electronic circuit 
and causes circuit conditions to change. A conductive plate or rod can 
be used to sense contact with an object. 

Acoustical proximity detectors have a cylindrical, open-ended res- 
onant cavity. Standing waves are developed inside the cavity and are 
modified by the presence of an object. A microphone may be used to 
detect a change in sound pressure to measure the distance of an object 
from the detector. 


Range Sensors 


Range sensors are used to determine the precise distance from a sensor 
to an object. Such devices would be useful for locating objects near a 
work station or for controlling a manipulator. A range sensing system, 
which can be adapted for use with robotic systems, is called laser ін- 
terfero-metric eauges. They are very expensive and are sensitive to hu- 
midity, temperature, and vibration. Another range sensing system is a 
television camera, which operates on the sonar principle. 


Tactile Sensors 


Tactile sensors indicate the presence of an object when it actually touches 
the sensor. Two types of tactile sensors are touch sensors and stress 
sensors. Touch sensors respond to touch only, while stress sensors produce 
a feedback signal that indicates the magnitude of the contact made be- 
tween the object and the sensor. 

A simple type of touch sensor is a microswitcl mounted on the work 
space. Limit switches are also used to respond to contact with an object. 
Devices called strain gauges are often used as stress sensors. 
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Visual Seusors 


Light Sensors 


Visual sensors can be used to recognize objects or to measure specific 
characteristics of objects. Camera-equipped computer systems are used 
to recognize objects. This type of recognition system is used to identify 
a part by taking a picture through a television camera and distinguishing 
that part from any other part that might appear before the camera. An 
object may be identified by its shape, perimeter, or area. These features 
allow the part to be recognized regardless of its orientation to the camera. 

Computer vision sensing systems may be used to sense spatial 
relationships between a camera, an end effector, and a workpiece. This 
procedure can be used to provide depth information. Two processes now 
in use for depth measurement with a camera are called stadimetry and 
triangulation. Stadimetry is used to determine the distance to an object 
based on the apparent size of a camera image. The triangulation method 
is based on measuring angles and size of a base line of a triangle at the 
location of the object whose dimensions are to be determined. 

Another example of proximity sensing is position detection by 
solid-state TV cameras. А camera can be placed in a robot's end effector 
to provide visual feedback to guide the effector to a specific location. 
This process, which may be readily used for material movement, is re- 
ferred to as visual servoing. Servo movement is accomplished by means 
of visual sensing. This method may be used with either stationary or 
moving objects. 


One major tvpe of sensing system includes devices that are sensitive to 
changes in light energy. Light sensing systems operate primarily due 
to various optoelectronic devices used as sensors. 

Control circuitry for automated manufacturing now utilizes op- 
toelectronic devices for many applications. The term optoelectronic refers 
to the combination of light optics and electronics. Thus, electronic light- 
sensitive devices are called optoelectronic devices. These devices may 
be used to sense the presence of light, serve as routing systems for 
assembly line processes, transmit electronic signals with no electrical 
connection to a circuit, or numerous other applications. These systems, 
along with some closely related systems such as lasers and X-rays, are 
becoming increasingly important in control circuits. 

Optoelectronic devices are light-sensitive devices that rely on the 
characteristics of light in order to function. Light is a visible form of 
radiation that is actually a narrow band of trequencies along the vast 
electromagnetic spectrum. The electromagnetic spectrum, shown in Fig- 
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Figure 6-1. Electromagnetic spectrum. 


ure 6-1, includes bands of frequencies for radio, television, radar, in- 
frared radiation, visible light, ultraviolet light, X-rays, gamma rays, and 
various other frequencies. The different types of radiation, such as light, 
heat, radio waves, and X-rays, differ only with respect to their fre- 
quencies or wavelengths. 

The human eye responds to electromagnetic waves in the visible 
light band of frequencies. Each color of light has a different frequency 
or wavelength. In order of increasing frequency, or decreasing wave- 
lengths, colors range as follows: red, orange, yellow, green, blue, and 
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Figure 6-2. Response of the human eve to visible light. 


violet. The wavelengths of visible light are in the 400-nm (violet) to 700- 
nm (red) range. А micrometer (рт) is one millionth of a meter; therefore, 
a nanometer (nm) is 1 x 1077 рт. Angstrom units (À) are also used 
for light measurement. Ап angstrom unit is one-tenth of a nanometer. 
Thus, visible light ranges from 4000 to 7000 А. The response of the 
human eye to visible light exhibits a frequency-selective characteristic 
(see, e.g., Figure 6-2). The greatest sensitivity is near 5500 À, and the 
poorest sensitivity is around 4000 À on the lower wavelengths and 7000 
À on the higher wavelengths. The human eye perceives various degrees 
of brightness because of its response to the wavelengths of light. The 
normal human eye cannot see a wavelength of less than 4000 À or more 
than 7000 À (400—700 nm). 

Optoelectronic (photoelectric) devices have typically been consid- 
ered as falling into three categories: (1) photoemissive, (2) photocon- 
ductive, and (3) photovoltaic. Photoemissive devices emit electrons in the 
presence of light. Phototubes are a type of photoemissive device. Pho- 
toconductive devices are designed so that their electrical resistance will 
decrease when light becomes more intense and increase when light in- 
tensity decreases. Photoconductive devices are also called photoresis- 
tive. Photovoltaic devices convert light energy into electrical energy. When 
a photovoltaic device is illuminated, an electrical voltage is created by 
the device. Most optoelectronic devices fit into one of these categories. 
However, there is a diversity of new semiconductor optoelectronic de- 
vices used in industry today. Several related systems also have appli- 
cations in automated manufacturing. 
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Figure 6-3. Construction of selenium photovoltaic cell. 


Photovoltaic cells, commonly called solar cells, are used to convert 
light energy into electrical energy. The electrical output of the solar cell 
is proportional to the amount of light falling onto its surface. The con- 
struction of a photovoltaic cell is shown in Figure 6-3. This selenium 
cell has a layer of selenium deposited on a metal base, then a layer of 
cadmium. In the fabrication, one layer of cadmium selenide and another 
layer of cadmium oxide is produced. А transparent conductive film is 
placed over the cadmium oxide, and a section of conductive alloy is then 
placed on the film. The external leads are connected to the conductive 
material around the cadmium oxide layer and the metal base. When 
light strikes the cadmium oxide layer, electrons are emitted and move 
toward an external load circuit. A deficiency of electrons is now created 
in this region, which is filled by electrons from the selenium material. 
Now electrons are removed from the metal base into the selenium. Thus, 
light energy causes a voltage to be developed between the two external 
terminals of the device. 

Selenium cells have a low efficiency of converting light energy to 
electrical energy; therefore, silicon cells are now more frequently used 
since silicon cells have higher efficiencies. A silicon photovoltaic cell is 
shown in Figure 6-4. When light strikes the cell, a voltage is developed 
across the external leads. The more intense the light, the greater the 
voltage across the cell. 

Photovoltaic cells are used for a variety of applications. Although 
their electrical output is low, they may be used with amplifying devices 
to develop an output that will drive load devices of automated manu- 
facturing systems. 
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Figure 6-4. Construction of silicon photovoltaic cell. 


Photoconductive devices, such as the one shown in Figure 6-5, 
are designed to vary in their electrical conductivitv when variations of 
light energy occur. Such devices are also called photoresistive, since their 
resistance varies in inverse proportion to their conductivity. The cad- 
mium sulfide (CdS) cell shown in Figure 6-6 is a common type of pho- 
toconductive cell. When exposed to varying intensities of visible light, 
the cadmium sulfide cell will change resistance. An increase in light 
energy falling onto its surface will increase the cell's conductivity. The 
cell is highly sensitive to variations of light intensity. These devices are 
control systems to provide variable sensing due to light level. 


Infrared Sensors 


Another type of device that responds to radiant energy is referred to as 
an infrared detector. These devices respond to radiation in the infrared 
region of the electromagnetic spectrum (see Figure 6-1). Industrial ap- 
plications of infrared devices now include heat-sensitive control sys- 
tems, optical pyrometers, and infrared spectroscopy for gas analysis. 

An important principle of infrared detection is that all objects emit 
infrared radiation. Infrared camera systems can produce images in dark- 
ness by detecting infrared thermal radiation. Infrared detectors may be 
used to detect any heated object with no light source used. 


Ultraviolet Sensors 


Sensors are also designed to respond to electromagnetic radiation in the 
ultraviolet range (see Figure 6-1). Some design problems have been 
encountered with ultraviolet sensors; therefore, they are not used as 
often as detectors for the visible light and infrared energy. 


ELECTRODE 
No. 1 


ELECTRODE 
No. 2 


(a) 


Figure 6-6. 
view. 


E eroe eei 
[MÀ 
p 
uz ses 


/ 


Ultraviolet Sensors 


Figure 6-5. Photoconductive sensor. 
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Cadmium sulfide photoconductive cell. (a) Top view. (b) Cutaway 
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Figure 6-7. Optoelectronic digital readout position indicator. 


Optoelectronic Position Sensors 


Various types of optoelectronic devices have been designed to sense the 
position of a light beam. These devices ordinarily produce an electrical 
output based upon the position of a light beam. These devices may be 
used with digital control systems to produce electrical outputs, as shown 
in Figure 6-7. The electrical signal output is based on the patterns of 
the photoconductive material onto which the light line is focused and 
may be used for automated manufacturing operations. 


Fiber Optic Sensors 


The principle of fiber optics, illustrated in Figure 6-8, utilizes optical 
fibers made of glass or plastic to transmit light from one point to another. 
Light may be transmitted in very unconventional ways, such as around 
corners, in limited space, or over long distances, by using the fiber optics 
principle. The light will transmit through the fiber optic material re- 
gardless of how it is bent or shaped. The core of the fiber optic material 
is designed to be reflective to the light passing through it. Advances in 
fiber optic design have made possible low-loss fiber lengths which are 
used for numerous applications. 
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Figure 6-8. Cutaway view of an optical fiber. 
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Figure 6-9. Simplified diagram of a ruby laser. 


Laser Sensors 


The development of the laser has had a significant impact on industrial 
control systems and promises many more potential uses in the future. 
Lasers are presently used in welding processes and industrial meas- 
urement. The major advantage of lasers is that their radiation can travel 
long distances with relatively little divergence at one specific wave- 
length. This is in contrast to other light sources, which have poorer 
directional and wideband wavelength characteristics. 

The term laser means light amplification by stimulated emission of 
radiation. This principle may be illustrated by referring to the simplified 
diagram of a ruby laser shown in Figure 6-9. When the xenon flash 
tube is activated, the chromium atoms contained in the ruby rod absorb 
photons of light due to the xenon flash tube action. The chromium atoms 
then emit photons of energy. Many of these photons of light energy 
reflect back and forth through the ruby rod, being reflected by the mir- 
rors on each end. The concentration of photon energy within the ruby 
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causes what we refer to as stimulated emission. The chromium atoms emit 
photons of light energy due to the initial action of the xenon flash tube. 
These atoms emit photons in the same direction and phase as the ini- 
tiating photons from the xenon flash tube. The cumulative action which 
takes place causes a laser beam to be emitted through the partially re- 
flecting mirror at one end of the ruby rod. The laser beam is very con- 
centrated and penetrates the mirror due to stimulated emission or light 
amplification. 

Another laser light source used with sensing and control systems 
is the gas laser. A popular type of gas laser is the helium-neon laser; 
however, many other types are available which use basically the same 
operational principle. The helium-neon gas laser is shown in Figure 6- 
10. A high dc potential is applied to the plasma tube by means of a 
voltage multiplier circuit and a pulse transformer. The filament con- 
tained within the plasma tube is heated by a 6.3-V ac potential. This 
filament, when heated, is a source of electrons that are accelerated by 
the high dc potential. As the electrons from the filament are accelerated 
toward the high dc potential, they strike helium-neon gas atoms and 
cause them to ionize. The ionized gas causes the emission of light similar 
to the action of a fluorescent light. The light beams reflect from the flat, 
fully reflective mirror shown at the top of Figure 6-10. The plasma tube 
is cut at a precise angle to cause a controlled reflective angle through 
the capillary tube. The light is reflected back toward the partially re- 
flective spherical mirror where it is concentrated, due to the action of 
this mirror, into a laser beam which is emitted through the mirror. A 
beam reflects back and forth between the mirrors several times before 
it is emitted. Again, the emitted light beam is produced by light am- 
plification or stimulated emission. 

It is also possible to generate laser beams by utilizing the principles 
of semiconductors. These lasers have a resonant cavitv similar to other 
lasers except that it is formed on a chip of semiconductor material. 5ет- 
iconductor injection lasers, such as the example shown in Figure 6-11, are 
very efficient and small in physical size compared to other lasers. The 
end faces of a gallium arsenide chip, shown in Figure 6-11, must be 
carefully fabricated so that they are parallel and flat. Since gallium ar- 
senide is a reflective material, no mirrors are needed to produce reflec- 
tion. This is a distinct advantage of the semiconductor injection laser. 

As current flows through the semiconductor laser chip, light is 
emitted from the inaterial. Stimulated emission of light energy occurs 
when atoms collide near the рп junction of the material and cause the 
release of additional photons of energy. Due to the reflective properties 
of gallium arsenide, a wave of photons is developed between the flat, 
reflective surfaces of the material. The back-and-forth movement of this 
wave of photons creates the resonant action required for the stimulated 
emission of radiation. 
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Figure 6-10. Helium-neon gas laser. 
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Figure 6-11. Semiconductor injection laser chip. 


X-Ray Sensors 


In the electromagnetic spectrum of Figure 6-1, a band of frequencies 
above the frequency of visible light is called X-rays. There are certain 
industrial control applications that utilize X-ravs. A rare metal called 
radium is known to emit three kinds of ravs, alpha, beta, and gamma 
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Figure 6-12. X-ray tube. 


rays. Some of these rays can pass through the human body and are 
frequently used in medical treatment and analysis. 

It is possible to use a vacuum tube, such as that illustrated in Figure 
6-12, to produce rays similar to those emitted by radium. This X-ray 
tube has a cathode which is heated by the application of a filament 
voltage. The anode is constructed of very heavy metal and has a high 
positive potential applied. This high positive potential accelerates the 
electrons emitted from the cathode at a very rapid rate. The electrons 
strike the anode with such velocity that X-rays are initiated away from 
the anode surface. If the dc potential is increased, the frequency of the 
X-rays will also increase (the wavelength decreases). 

X-ray tubes may operate with dc potentials in excess of one million 
volts. The X-rays produced by this high dc voltage are similar to the 
high-frequency gamma rays emitted by radium. X-rays in industry are 
used to control industrial processes that involve metals. The short wave- 
length of X-rays allows them to pass through metals and reveal the inner 
structural characteristics of various types of metals. 


Sound sensing systems rely upon the piezoelectric principle to convert 
sound to electrical energy. When certain crystalline materials are sub- 
jected to a mechanical stress, an electrical potential is developed across 
the material. Crystals such as quartz and Rochelle salt exhibit this char- 


Sound Sensors 


Cartridge Needle 


Assembly Cartridge Needle 
EM | Assembly 
\ / / 
\ J / Record 
Turntable \ / Рһопо i 
SK ОП Grooves 


/ 
a e 


Phono 


Electrode Output 


LA 


22 


Needle Piezoelectric Crystal 


(a) 


Enclosure 


= Electrode 
Movable Е 


Diaphragm 


Piezoelectric 
Crystal 


y 


Electrical Output 


(b) 


Figure 6-13. Sound sensing systems. (a) Phonograph cartridge/needle assem- 
bly. (b) Piezoelectric crystal microphone. 


acteristic. An application of the piezoelectric principle for sound sensing 
is the cartridge/needle assembly of a phonograph (see Figure 6-13А). 
The cartridge contains a crystalline material which vibrates in accordance 
with the variations in the grooves of a phonograph record as the needle 
(which is attached to the cartridge) rides through the record grooves. 
The crystalline material develops an electrical potential across its struc- 
ture due to the mechanical vibrations. These small electrical variations 
are then amplified by a control system. Thus, mechanical energy (vi- 
bration) is converted to electrical energy by the piezoelectric principle. 

It is also common to convert sound energy to electrical energy with 
piezoelectric sensors. This is commonly done with crystal microphones 
in which sound waves cause vibration of a piezoelectric crystal (see 
Figure 6-13В). An electrical potential is then developed across the crystal 
and is amplified by the control system. Thus, variations in sound can 
be sensed and converted to electrical signals to accomplish control. 
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Sensing Systems 


Sensors that produce a change in electrical output due to a change in 
temperature are referred to as thermoelectric sensors. Some sensors of 
this type change in electrical resistance when the temperature changes, 
while others produce a voltage when heated. One device used for heat 
sensing is the thermistor. Thermistors are temperature-sensitive resis- 
tors whose electrical resistance increases with a decrease in temperature. 
This is referred to as a negative temperature coefficient of resistance. 
Various metal-oxide semiconductor materials are used to construct ther- 
mistors, as shown in Figure 6-14. 

Thermistors are manufactured in a wide range of resistance char- 
acteristics and temperature coefficients. The use of thermistors as tem- 
perature-sensing elements for industrial applications has increased in 
recent years. 

A thermocouple, illustrated in Figure 6-15, consists of two dissimilar 
metals that are fused together at one end. The metals are usually com- 
binations of iron-constantan, copper-constantan, platinum-rhodium, or 
other metals. When the fused end of the two dissimilar metals is heated, 
a voltage will be developed at the ends that are not connected. The 
voltage exists due to the different coefficients of expansion of the metals. 
The voltage produced by thermocouples is usually in the millivolt range. 
Various wire combinations are used to respond to different ranges of 
temperature. Thermocouples are sensors that convert heat energy into 
electrical energy. 
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Figure 6-15. Thermocouple. 
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Displacement Sensors 


Displacement can be sensed by means of various types of sensors. Figure 
6-16 illustrates how resistive, capacitive, and inductive sensors can be 
used with electrical indicators to show displacement. It is possible to 
sense displacements in the millimeter range or less. Displacement sen- 
sing is usually made with reference to a fixed position or with reference 
to the force required to move from one position to another. 
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Figure 6-16. Displacement sensing systems. (a) Resistive sensor. (b) Capaci- 
tive sensor. (c) Inductive sensor. 
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Figure 6-17. dc tachometer speed sensing system. 


Because of the nature of industrial equipment, which has shafts, gears, 
pulleys, and so on, speed sensing usually involves rotary movement. 
Several different principles can be used for sensing speed. One method 
is referred to as a dc tachometer system and is illustrated in Figure 6- 
17. This tachometer is connected directly to a rotating machine or piece 
of equipment. The principle involved in this system is that as the shaft 
of the small permanent magnet dc generator rotates faster, the voltage 
output increases in proportion to the speed of rotation. Voltage output 
increases can then be translated into speed changes or used to control 
equipment operation. 

Electronic tachometers are now used extensively because of their 
increased precision and ease of usage. In the photoelectric tachometer 
movement is sensed by providing a reflective material on the surface of 
the equipment or machine where sensing takes place. The tachometer 
has a light source that is interrupted by the passage of the reflective 
material. A photocell is used to convert changes of light energy into 
electrical signals. The electrical signals provide a control method based 
on speed variations. 


Mechanical Movement Sensors 


Mechanical movement in the form of strain or stress can be sensed by 
using a device called a strain gauge. Strain gauges сап, for example, 
provide electrical control signals based on the amount of pressure the 
mechanical fingers of a robot are exerting to lift an object. 

A strain gauge such as the one shown in Figure 6-18 ordinarily is 
used to sense a change in dimension as some material is subjected to a 
stress. The strain gauge itself is constructed of fine-gauge wire about 
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Figure 6-18. Strain gage. 


0.001 in. in diameter mounted into an insulating strip. The wire used 
has a high elasticity so that it will easily change dimension. When sub- 
jected to a stress, the wire is stretched. Thus, the cross-sectional area 
of the wire is reduced and its length is increased. The resistance of a 
conductor can be expressed mathematically as 


| 
К=р A 
where 
Қ = resistance of conductor 
p — resistivity constant of conductor 
1 = length of conductor 
А - cross-sectional area of conductor 


Therefore, as the wire of the strain gauge is stretched, its resistance will 
change due to a change in cross-sectional area or length. 

More recently, semiconductor strain gauges have provided greater 
sensitivity and can be used exactly like a metallic strain gauge. The rate 
of change of resistance is approximately 50 times higher than in metallic 
gauges. The semiconductor strain gauge is as stable as the metallic type, 
but has a much higher output. 


The conversion of physical quantities to electrical quantities is a basic 
sensing function. Devices that convert one form of energy into another 
form are referred to as transducers. Transducers are devices used to con- 
vert physical quantities to electrical quantities. For example, a ther- 
mocouple is a transducer that converts heat energy into electrical energy. 
Also, a microphone is a transducer that converts sound energy into 
electrical energy. Numerous other examples of transducers are used in 
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homes as well as in industry. Three common classifications of trans- 
ducers are (1) resistive, (2) capacitive, and (3) inductive. 


Resistive Transducers. Transducers that are considered resistive con- 
vert variations of resistance into electrical variations. One type of resis- 
tive transducer utilizes the potentiometer principle, as shown in Figure 
6-19. This type of transducer changes resistance when the position of 
its movable contact is changed. By increasing the length of wire between 
terminals A and B, the resistance between those two points is increased. 
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Figure 6-19. Resistive transducers. 


Transducers 


This principle is often used to sense physical displacement by allowing 
displacement to cause movement of the sliding contact. 


Capacitive Transducers. Capacitive transducers rely on a change in 
capacitance brought about by the change of some physical quantity. 
Capacitance exists when two conductive materials (plates) are separated 
by a dielectric (insulating) material. Capacitance can be increased by 
increasing the area of the plates or by decreasing the thickness of the 
dielectric. One application of capacitive transducers illustrated in Figure 
6-20 is for sensing fluid pressure. This type of transducer is placed into 
a fluid line. Plate 1 of the capacitor is a conductive diaphragm inserted 
into the fluid line to sense any variation in fluid pressure. It is electrically 
connected to the housing. Plate 2 is mounted adjacent to plate 1 and is 
initially adjusted to calibrate the indicator scale. Plate 2 is held in po- 
sition, while plate 1 will vary in position due to changes in pressure. 
When the pressure of the fluid in the line increases, plate 1 will move 
closer to plate 2. Since the distance between capacitor plates is de- 
creased, the capacitance between terminals A and B will increase. Also, 
when pressure decreases, capacitance will decrease. Thus, variations in 
pressure cause changes in capacitance. 
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Figure 6-20. Capacitive transducer. 


Inductive Transducers. Inductance can also be varied to cause an elec- 
trical change. Usually, inductive transducers such as the one shown in 
Figure 6-21 have a stationary coil and a movable core. The movable core 
can be connected to some physical variable whose movement is to be 
measured. As the core changes position within the stationary coil, the 
inductance of the coil will vary. The current flow through the coil will 
vary inversely with the inductive reactance of the coil, since X, = 2nfL 
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Figure 6-21. Movable-core inductive transducer. 
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Figure 6-22. Linear variable differential transformer (LVDT). 


and I = V/X,. The relative position of the core produces an electrical 
variation. 

An often-used type of inductive transducer is the linear variable 
differential transformer (LVDT). The principle of operation is illustrated 
in Figure 6-22. A movable metal core is placed within an enclosure that 
has three windings wrapped around it. The center winding (primary) 
is connected to an ac source. The two outer windings have voltage in- 
duced from the primary winding. When the movable core is placed in 
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the center of the enclosure, the voltages induced in the two outer wind- 
ings are equal. Any movement of the core in either direction will cause 
one induced voltage to increase and the other induced voltage to de- 
crease. It is possible to sense the difference in voltage induced into the 
two outer windings in terms of the amount of movement of the core. 
The variation in magnetic coupling due to the movement of the metal 
core is responsible for the change in induced voltages. Thus, a linear 
movement (phvsical quantity) can be converted to an electrical quantity 
by this tvpe of inductive transducer. 
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What is the purpose of a sensing system for an industrial robot? 
What are some types of sensors used with industrial robots? 
What is a proximity sensor? 

What is an optical proximity sensor? 

What is an LED? 

What is an eddy current proximity sensor? 

How is a touch-sensitive proximity sensor used? 

What is an acoustical proximity sensor? 

What are range sensors? 

What are tactile sensors and some examples? 

What are visual sensors? 

How тау depth be measured Бу a sensor? 

What is visual servoing? 

What is the electromagnetic spectrum? 

What are the three categories of optoelectronic devices? Define 
each category and give some examples of devices in each category. 
What is an infrared sensing svstem? 

What is an ultraviolet sensing system? 

How is optoelectronic position sensing used? 

What is a fiber optic system? 

How may laser sensing svstems be used in industry? 

What are some types of laser systems? 

How may X-rays be used in industrial control? 

What is a sound sensing system? 

Discuss the two tvpes of heat sensing systems. 
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25. Discuss a method used for speed sensing. 

26. Discuss the strain gauge as a means of mechanical movement sen- 
sing. 

27. What is a transducer? List three types. 


Chapter 7 
FLUID POWER SYSTEMS 


Svstems designed to transfer power through fluids are very important 
in automated manufacturing systems and industrial robots. The term 
fluid is a general classification for systems that use air, oil, or a combi- 
nation of air and oil. The term hydraulic is used to describe systems that 
use only liquids or fluids. Systems operated with air only are usually 
described as pneumatic. The operating principles associated with these 
systems are similar in many respects. Figure 7-1 shows a fluid power 
system with the basic parts labeled. 

Fluid power systems often use electrical energy to produce rotary 
motion to energize fluid pump. Electrical energy or mechanical motion 
is converted into the energy of a flowing fluid. Fluid power systems are 
quite reliable and have a great deal of flexibilitv. Power can be transferred 
to any location where a pipe, hose, or piece of tubing can be placed. 
The symbols used for fluid power svstems contained in Appendix 
should be reviewed. 


Hydraulic Systems 


Hydraulic systems are commonly found in automatic machinery control 
and in material-handling equipment. The popularity of this type of sys- 
tem can be attributed to such things as operational simplicity, smooth- 
ness of operation, reliability, and adaptability. Figure 7-2 shows a type 
of hydraulic system used to control a punch-press ram. 
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The energy source of the hydraulic svstem in Figure 7-2 is an 
electric-motor-driven pump and the reservoir. Rotary mechanical energy 
of the motor is changed into fluid energy through this device. During 
the pump's operation, fluid is set into motion. Fluid entering the inlet 
port is set into motion and forced through the outlet port. With each 
revolution of the pump rotor blade, a fixed amount of fluid is forced 
into the system. Fluid entering the system then encounters resistance 
ta its flow, which creates hydraulic pressure. Figure 7-3 shows a sim- 
plification of the internal workings of a hvdraulic pump. 

The transmission path of a hydraulic system is typically solid pipes 
or some form of flexible tubing. Hydraulic fluid forced to pass through 
the transmission path encounters a resistance to its flow, which builds 
up system pressure. Both single-pressure and high/low-pressure sys- 
tems are available. 

The hydraulic svstem of Figure 7-2 has various ways to control 
the system fluid. The hand shutoff valve permits control of the system 
by stopping the fluid flow through the transmission line. The pressure 
of the system can be altered by changing the operating speed of the 
motor-driven pump. The four-way valve of the system also has a control 
function. It can be positioned to have control that restricts the amount 
of fluid reaching the cylinder. Secondly, it can be made to alter the flow 
path of the fluid. Fluid flow can also be stopped completely by placing 
the shifter lever of the valve in its off position. The pressure relief valve 
is a control device that protects the system automatically. Running the 
pump with the hand valve closed would ordinarilv cause the relief valve 
to open and return high-pressure fluid into the reservoir. 

The load of a hydraulic system is the part of the system that does 
work. In Figure 7-3 the double-acting cvlinder serves as a load device 
of the system. This part changes the mechanical energy of hvdraulic 
fluid flow into linear motion that moves the ram of a press. Pressure 
applied by the ram to an outside workpiece also alters the load to some 
extent. Hvdraulic motors are also used as a load in some svstems to 
produce rotary motion. 
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Figure 7-3. Internal workings of a hydraulic pump. 
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The indicator of the hydraulic system in Figure 7-2 is an optional 
item, as it is in other systems. In this application the indicator is used 
to show system pressure. Monitoring the fluid pressure and maintaining 
it at a constant level ensures consistent operation of the svstem. 


Pneumatic Systems 


Pneumatic systems are used in industry to power hand tools and to lift 
and clamp products during machining operations. The energy source 
of this type of system is a pump or a compressor and a storage tank to 
hold the air. The pump of a compressor may be driven electrically bv a 
motor or by a portable internal combustion engine. Figure 7-4 shows a 
simple pneumatic system driving a double-acting cvlinder ram. 

Pneumatic systems are designed to use the air from the room where 
the compressor of the system is located. Through the action of the pump, 
outside air is forced into a tank under pressure where it is stored or 
passed through the system. The storage tank of compressed air serves 
as the reservoir of this system. 

After air has been compressed, it must be conditioned before it can 
be used by the system. Conditioning takes place for the removal of dirt 
and moisture. This is achieved by an air filter with a condensation trap 
and drain. А fine mist of oil may then be added to the compressed air. 
This provides lubrication for all parts throughout the system. The pres- 
sure of the air must be adjusted to a specific level by an air-regulating 
valve. Constant pressure must then be maintained during system op- 
eration. Motor-driven air compressors are designed to operate only 
when the system pressure of the storage tank drops below a predeter- 
mined level. 

The transmission path of a pneumatic system consists of solid 
pipes, tubing, and flexible hoses that are generally used as feed lines 
from the compressor to different parts of the system. Return lines to the 
storage tank, however, are not used in pneumatic systems. Air is simply 
dumped from the system into the atmosphere. Pneumatic systems are 
somewhat simplified because of this feature. 

The pneumatic system of Figure 7-4 has several methods to control 
the system air. The hand shutoff valve and pressure-relief valve provide 
control of air circulating through the transmission path. Air flow can 
also be altered Бу the regulator and the three-way valve. Pneumatic and 
hydraulic controls are very similar. 

The load of a pneumatic system, as in other systems, is designed 
to perform a work function. The primary load device of Figure 7-4 is 
the pneumatic cylinder. This part changes the mechanical energy of air 
into linear motion that drives a press ram. Pressure applied by the ram 
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to an outside workpiece also influences the load to some extent. Pneu- 
matic load devices can also be used to produce rotary motion. 

The indicator of a pneumatic system is usually an optional item. 
lt is commonly added to the system to monitor tank pressure. Regulator 
output pressure is also monitored with an indicator so that exact system 
pressures can be determined. Test indicators are frequently used in 
pneumatic systems to troubleshoot faulty components. 


Fluid Power System Applications 


Applications of fluid power systems are so numerous that it is difficult 
to subdivide them. A large part of all fluid power system applications 
used in industry todav utilize electrical energy. Fluid power systems 
represent a very important part of all mechanical power system appli- 
cations in industry today. The term fluid refers to both hydraulic and 
pneumatic system applications. These systems are very similar in many 
respects. There are, however, many unique differences and applications 
of both system types found in industry. Fluid basics will be discussed, 
pointing out some of the common principles that apply to both system 
types. Specific hydraulic and pneumatic system applications will then 
be investigated as they apply to unique industrial applications. 

A number of sophisticated industrial systems have recently been 
developed that produce mechanical energy through a combination of 
both fluid and electrical system applications. Hybrid systems of this type 
are playing a very important role in automated manufacturing. À person 
working with automated manufacturing systems must be familiar with 
both fluid and electrical system basics in order to understand the op- 
eration of many types of industrial systems, including robotic systems. 

Fluid power systems are responsible for developing a useful form 
of mechanical power through the transmission of a fluid through а sys- 
tem. Systems of this type are useful in transferring power to inaccessible 
locations over moderate distances. A very fine degree of control can be 
achieved that has a wide variation of speed capabilities and a reversing 
capability. In many system applications fluid power represents the only 
practical solution to mechanical power transmission. 

Fluid power systems have a number of characteristics that distin- 
guish them from other power systems. A very small force of a few 
ounces, for example, has the capability of controlling a larger force of 
several tons. Through the use of computer-controlled machines, fluid 
power systems can provide changes that will cause movement within 
tolerances of plus or minus one ten-thousandth of an inch. Fluid power 
systems can also provide rotary motion at extremely high speeds or can 
develop creeping speeds of only a fraction of an inch per minute. Fluid 
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power svstems are very compatible with other systems, for example, 
electrical, digital, or mechanical control methods. Fluid svstems are ef- 
ficient, dependable, саѕу to maintain, and economical to operate for long 
periods of time. A high percentage of all the machine tools used in 
industry are controlled or operated bv fluid power. 


The Fluid Power Principle 


Nearly everyone working in industry has had an opportunity to see a 
fluid power system in operation at one time or another. Àn example of 
the fluid power principle is found in automobile service stations that 
have hoists to lift cars for servicing. A system of this tvpe ordinarily 
uses both air and oil to develop the power needed to lift an automobile. 

An automobile hoist operates on the principle that air added to the 
top of a long cvlinder confined in an oil-filled tube can be forced to move 
upward under pressure. The tube and cylinder are normally placed in 
the floor of the station in such a way that the entire unit will retract 
when air pressure is removed. The cvlinder will rise out of the floor 
when air is forced into it through the action of a control valve. The air 
source is developed bv an electric-motor-driven compressor. Full control 
of the hoist is achieved by manual manipulation of the air valve by the 
operator. Figure 7-5 shows a simple fluid power svstem automobile 
hoist. 
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Figure 7-5. Fluid power automobile hoist. 


The Fluid Power Principle 


In 1653 a French scientist named Blaise Pascal discovered a simple phvs- 
ical law: "A pressure applied to a confined fluid is transmitted undi- 
minished throughout the fluid. It acts on all surfaces in a direction at 
right angles to those surfaces." This statement eventually became 
known as Pascal's law. Air and hydraulic fluid both respond to the basic 
principles set forth by this law. Pascal's law, therefore, serves as the 
basic premise of all fluid power svstems. 


Figure 7-6. Illustration of Pascal's Law. 


Figure 7-6 shows a graphic example of Pascal's law. The force 
applied to the fluid inside of the cvlinder at piston A is instantly trans- 
ferred to all parts of the cylinder. Piston B moves an amount that is equal 
to the force originating at A. This action occurs when both pistons are 
of the same physical size. The fluid of this sytem easily conforms to the 
inside shape of the cylinder. The same force acting on piston B is also 
applied to the inside walls of the cylinder. The strength of the cylinder 
walls must also be capable of withstanding this amount of pressure. 
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Force, Pressure, Work, and Power 


The force applied to the piston of the system just described is defined 
as any cause which tends to produce or modify motion. To move a Боду 
or mass, an outside force must be applied to it. The amount of force 
needed to produce motion is primarily based on the inertia of the body. 
Force is normally expressed in units of weight. Weight is defined as the 
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gravitational force exerted on a body (or mass) by the earth. Since the 
weight of a body is a force (not a mass), we must use units ol force to 
express both weight and force. The basic unit of force in the English 
system of measurement is the pound (Ib). In the International System 
ot Units (SI), or metric system, the basic unit of force is the newton (М). 

Pressure is a term used to describe the amount of force applied to 
a specific unit area and is expressed in pounds per square inch (Ib/in.?) 
in the English system or as newtons per square meter (N/n) in the 
metric system. The unit pascal (Pa) has been assigned as the basic unit 
of pressure in the metric system (1 Pa = 1 N/m?). At sea level the 
pressure of the atmosphere on the surface of the earth is 14.7 Ib/in.*. In 
industrial applications, giant hydraulic presses are capable of squeezing 
metals with a pressure as great as 100 x 10^ Ib/in.^. Mathematically, 
pressure is expressed as 


s 
A 


where 


I 


pressure, Ib/in.* or Pa 


F = force, Ib or N 
A = area, їп. orm 
An interesting and important fact about force and pressure is that 
they only represent a measure of effort. A measure of what the system 
actually accomplishes is called work. In the fluid system just described 
work is accomplished when the force applied to piston A causes it to 
move a certain distance. Work is commonly expressed in foot-pounds 
or newton-meters (joules). The mathematical formula for this relation- 
ship is 
W=FxD 
where 
W = work, ft-lb or N-m (J) 
Е 
р 


force, Ib or М 


Ш 


distance, ft or m 


A more realistic concept of work must take into account the length 
of time that it is being accomplished. The term power is commonly used 
to express this relationship. The term horsepower is also commonly used 
in industry to express mechanical power. Moving 33,000 pounds a dis- 
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Piston B 
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Figure 7-7. illustration of static fluid power system. 


tance of 1 foot in 1 minute or 550 pounds a distance of 1 foot in 1 second 
is a physical expression of horsepower. Electric motors are rated in horse- 
power or fractional values of horsepower. 


A Simple Fluid Power System 


A very simple static fluid power system is illustrated in Figure 7-7. In 
this system a 100-Ib force is applied to piston A, which has an area of 
1.0 in.*. A pressure of 100 Ib/in.? is developed by this action and is trans- 
ferred through the fluid to piston B. The area of piston B is shown to 
be 100 in.?. Since the transfer of pressure through the fluid is equal to 
all parts of the cylinder, each square inch of piston B will receive 100 Ib 
of force. As a result, 100 Ib/in.? x 100 in.? equals 10,000 Ib of force applied 
to piston B. 

The distance that piston B moves is directly proportional to the 
area ratio of the two pistons. Moving the l-in. piston 4 in. into the 
cylinder forces 4 in.? of fluid to be displaced. This displaced volume of 
fluid is based on the area of the piston times the distance it moves into 
the cylinder. Therefore, 1 in.^ x 4 in. = 4 in.? of fluid displacement. 
Spread over the 100-in.? surface of piston B, this displacement causes 
piston B to move only т of the distance traveled by piston A. In this 
case, тоо Of 4 in. only equals 0.04 in. of motion. Piston B, therefore, has 
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more force applied because of its size but travels only a small distance. 
The amount of work done by pistons of a static fluid power system shows 
an unusual relationship. The work done by piston A is 100 Ib x 4 in., 
or 400 in.-Ib. At piston B the amount of work achieved is also 400 іп.- 
Ib. This is determined by multiplving the п piston force by the 
distance moved. Therefore, 10,000 Ib x 0.04 in. — 400 in.-Ib of work. 

In actual practice, fluid power systems do not show a 100 percent 
transfer of power from input to output. Fluid moving along cvlinder 
walls, for example, encounters a form of surface friction. The amount 
of power loss developed by this friction appears primarily as heat de- 
veloped on the walls of the cylinder. In a static power system the amount 
of power loss due to heat is so small that it would be considered neg- 
ligible. In systems that move larger volumes of fluid over longer lines, 
losses of this type become an important consideration. As a general rule, 
excessive friction losses can be controlled by reducing the line length, 
keeping the number of bends at a minimum, and preventing excessive 
fluid velocity by selecting proper-size distribution lines. Proper design 
generally takes these things into account so that a high level of system 
operating efficiency can be achieved. 


Fluid Flow Characteristics 


As fluid flows through the components of a power system, it encounters 
a certain amount of opposition due to friction. In a fluid system this 
opposition is generally called resistance. System pressure is developed 
as a result of fluid being forced against the resistance of surface areas 
of system components. А direct relationship, therefore, exists between 
system pressure and component resistance. 

Figure 7-8 illustrates the friction-pressure relationship of a static 
fluid power system. The pressure at point F is referenced at zero because 
the friction offered to fluid flow at this point is zero. А break in the 
system could cause this condition to occur. Other parts of the system 
show varying degrees of pressure change according to system resistance. 
Point B represents the highest pressure area of the entire system because 
the full weight of the fluid appears at this point. Fluid flowing from 
point B to point F must change all of its potential energy into heat energy. 
The moving fluid in this case also causes a drop in pressure as it passes 
from points B to F. This pressure drop increases at each location point 
beyond B. At the same time, the source pressure decreases at each point 
an equal amount. Pressure drops of this type are undesirable when 
power is being transferred through a system. In some applications а 
drop in pressure is often used to trigger the starting of a second operation 
in a sequential system. 
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Figure 7-8. Illustration of the friction pressure relationship of a static fluid 
power svstem. 


Pressure drop is also a very important characteristic in a flowing 
fluid power system. This condition is much more significant than that 
of the static system just discussed because nearly all industrial systems 
respond to flowing air or fluid. Pressure drops of this type can be caused 
by flow turbulence created where abrupt changes in direction occur. 
Refer to the corners of the system in Figure 7-9. System restrictions 
encountered by fluid flow are also a source of pressure drop. Control 
valves and tubing sizes are largely responsible for this type of drop. 
Small lines tend to increase the speed of fluid flow, which in turn causes 
an increase in surface friction. Notice the pressure drops near each of 
the restricted areas of Figure 7-9. The length of a system line is another 
important pressure drop factor that must be considered. In this case 
fluid sees more resistance when it travels long distances. Proper system 
design usuallv minimizes this factor. A very interesting thing to note 
about pressure drop takes place when the flow ceases. Pressure drop, 
in this case, stops and the pressure reaches a stable value throughout 
the system. A faulty pump or loss of electricity could cause this condition 
to occur. By comparison, a break in the system line normally causes a 
complete loss of pressure or a very pronounced change in pressure 
value. These two pressure conditions are very evident when compared 
with the characteristics of a normally operating system. 


Compression of Fluids 


The preceding information could арріу to both hydraulic and pneumatic 
systems. Compression of system fluid, however, represents a major dif- 
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Figure7-9. Illustration of pressure drops around a flowing fluid power system. 


ference between the two systems. In general, we can say that all gases 
and liquids are compressible under certain conditions. In a hydraulic 
system oil is used to transfer power throughout the system. Ordinarily, 
a hydraulic fluid is not compressible except in extremelv long trans- 
mission lines or under rather high pressures. Under normal operating 
conditions compression of a hydraulic fluid is not considered to be a 
real problem. A volume reduction of approximately 0.5 percent for every 
1000 Ib/in.* of pressure is typical. In most industrial applications, this 
amount of hydraulic fluid compression is not considered significant. 

Fluid power systems of the pneumatic {уре are primarily designed 
to respond to fundamental laws that apply specifically to gaseous fluids. 
Industrial applications of this tvpe nearly always use air as the operating 
medium. Air must first be compressed by the svstem source before it 
can be effectively used to transmit power. When air is reduced in volume 
by the compression process, its pressure increases. Compressed air is 
produced, stored in a tank, and then released into the system when it 
is needed. Pneumatic systems normally release air into the atmosphere 
after it has been used by the system. 

Fluid compression represents a major difference between hydraulic 
and pneumatic power systems. Hydraulic fluid is not compressed under 
normal operating conditions to any great extent. Pneumatic systems, by 
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comparison, respond only to compressed gases and primarily to air. 
Because of this basic difference, there are some unique physical features 
in system components. As a general rule, however, the basic function 
of each component is similar for both hydraulic and pneumatic systems. 
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Most of the hydraulic power systems used in industry today are of the 
circulating fluid type. This type of system employs a hydraulic pump 
as a power source to move the fluid. The pump is driven by mechanical 
energy that has been produced electrically. Hydraulic fluid under pres- 
sure is made to circulate through the transmission lines, or pipes, of the 
system in a ready state of operation. System control is achieved by such 
things as directional valves, metering devices, flow control valves, and 
regulators. The load of this system is primarily designed to do some 
type of useful work. Mechanical motion produced by the load is either 
rotary or linear. Cylinder actuators and hydraulic motors are typical 
components that achieve this function. A number of hydraulic indicators 
are also used to show different operating conditions and to test system 
components. Pressure, temperature, and flow are typical system values 
monitored by indicators. Typical parts of a hydraulic unit are an electric 
motor, a hydraulic pump, a pressure relief valve, gauges, and a reser- 
voir. The primary energy source of a unit is electricity. Electricity must 
first be changed to mechanical energy through rotation of the motor. 
The motor, in turn, is used to drive the pump. Hydraulic fluid from the 
pump then circulates through the system and builds up pressure. 

Most of the hydraulic power systems used in industrial applica- 
tions today are equipped with a filtering device. The hydraulic fluid is 
filtered before it has an opportunity to enter other system components. 
Any dirt particles coming from the pump or reservoir are removed from 
the fluid flow before entering the remainder of the system. Filtering of 
a hydraulic system reduces component breakdown. 

Filtering devices can also be placed in the return line to remove 
dirt from the fluid after it passes through the svstem. One theory for 
placing the filter in this location is that fluid dirt is more prevalent in 
system components that move. [n complex hydraulic systems with nu- 
merous components, filters may be placed in both the feed and return 
lines to reduce contamination problems. 

Control of a hydraulic power system is achieved by a number of 
different valves. These include check valves, reducing valves, directional 
valves, relief valves, and flow control valves. Some of these are manip- 
ulated manually by an operator, electrically by solenoid devices, or au- 
tomatically by pressure changes. In addition to this, valves can be 
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tripped by an outside air source, temperature changes, or through the 
mechanical action of devices at different system locations. The control 
function of a hydraulic svstem is undoubtedly the most complex function 
of the entire system. 

The load of a hydraulic system typically could be double-acting 
cylinders connected to the cylinder lines. When high-pressure oil from 
the feed line is applied to a cylinder, it causes the piston to be thrust 
forward. Any oil on the front side of the piston is forced into the return 
line by this stroke of the piston. Reversing the oil flow from a directional 
control valve causes the action of the piston to be reversed. Mechanical 
motion of this type can then be harnessed to do some type of useful 
work for automated manufacturing. 


Industrial Pneumatic Systems 


The pneumatic system of Figure 7-10 is often used for small industrial 
applications. The air-compressor unit serves as the source for the entire 
system. Typically, this unit employs electrical energy to produce rotating 
mechanical energy through the action of the motor. The compressor of 
this unit is driven by the motor. Compressed air is then stored in a 
receiving tank where it is eventually distributed to the system when 
needed. Receiver tank pressures range from 100 to 150 Ib/in.*, as indi- 
cated on the tank pressure gauge. The feed line of the entire system is 
connected to the receiving tank for distribution throughout the plant. 

Pneumatic systems must also employ some type of air-processing 
components in order to condition the air before it can be used. In systems 
with a small number of components, one conditioning unit is adequate. 
Systems with a large number of components often cónnect these units 
to each load device attached to the feed line. Conditioning the air in- 
volves filtering, pressure regulation, and lubrication. As a general rule, 
a conditioning unit is connected in the feed line between the compressor 
and the first control device. 

Control of the pneumatic system of Figure 7-11 is achieved by 
a manually operated, four-way control valve. Air flow to the cylinder 

can be directed to cause forward or reverse motion, or it can be turned 
off by the control valve. One line to the cylinder will receive air and the 
other line will exhaust air into the atmosphere through the control valve. 
Exhausting air instead of returning it to the system is a unique char- 
acteristic of the pneumatic system. 

Most pneumatic systems used in industry today employ adjustable 
air flow valves to each load device. These devices are often placed in 
both lines, as indicated in Figure 7-10. Valves of this type are designed 
to regulate the actuating speed of a cylinder. By using a valve in each 
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Figure 7-11. Illustration of the two general classifications of pumps. (a) Non- 
positive displacement type. (b) Positive displacement type. 


line, cylinder operation can be made to respond to a variety of action 
combinations. Without this control, the cylinder would receive maxi- 
mum air pressure from the system. This would, of course, cause high- 
speed mechanical action of the cylinder from one position of the piston 
to the other. Adjustable air flow valves add a great deal of versatility to 
the mechanical action of the load device. 

The load device of the pneumatic system in Figure 7-10 is designed 
to produce linear mechanical motion. In this case the cylinder is of the 
double-action type. It can be made to move in a forward or a reverse 
direction according to the air flow from the control valve. Pneumatic 
load devices are also designed to produce rotary motion. Air motors and 
rotary actuators are commonly used to achieve this operation in auto- 
mated industrial applications. 

Most of the pneumatic systems used in industry today employ 
several indicators placed at strategic locations throughout the system. 
System pressure, as a general rule, is monitored by this type of indicator. 


Fluid System Components 


The regulator and receiving tank of the pneumatic system in Figure 7- 
10 both employ pressure gauges as indicators. Pressure drops along the 
system feed line can also be monitored by observing pressure readings 
at key locations. System maintenance and troubleshooting generally rely 
heavily on the use of indicators to locate faulty components. 
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The term fluid system is a generic term used to describe both hydraulics 
and pneumatics. In this section a discussion is presented of discrete 
components that are used with automated manufacturing systems. 
There is a great deal of similarity in these components. In some instances 
hydraulic and pneumatic components can even be used interchangea- 
bly. Hydraulic components are generally somewhat larger than their 
pneumatic counterparts and tend to be a bit more rugged in construc- 
tion. These differences can primarily be attributed to the fact that air is 
less dense than oil. It takes larger volumes of air to transmit equal values 
of pressure and force. Hydraulic systems, by comparison, tend to be 
used in applications that demand high pressure levels for heavy-dutv 
automated machine operations. Except for the differences in size, rug- 
gedness, and pressure, hydraulic and pneumatic components operate 
on the same basic principles and respond in a similar manner. 


The pump of a fluid system is often called the heart of the entire system. 
It is designed to provide the svstem with an appropriate fluid flow that 
will develop pressure just as the heart of the human body does. In a 
fluid system the pump accepts mechanical power from a drive motor 
and converts it into an equivalent amount of fluid power. 

Basically, a pump is a device that accepts fluid at an inlet port, 
forces it to move through a confined area, and expels it from an outlet 
port. Air and gas may be compressed into smaller volumes through this 
process, which tends to increase the pressure. Oil and liquids are forced 
to flow at a faster rate, causing pressure to develop in a system. Іп 
practice, the specific application of a pump in either a pneumatic or a 
hydraulic system determines the actual role that it must play. 

Hydraulic pumps are primarilv classified as continuous-operation 
pumps. Іп this capacity they must keep the fluid in a constant state of 
motion whenever the system is in operation. A pneumatic pump, by 
comparison, is better described as an air compressor. As such, the pump 
causes air to be squeezed into a smaller volume and forced into a re- 
ceiving tank for storage. When the tank pressure builds up to a certain 
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level, the compressor pump is turned off. Compressors are often used 
for short operational periods. These occur only when the demand for 
system air arises during machine operation. 

There are two general classifications of pumps used in fluid svstem 
applications. The first classification is called a nonpositive displacement 
pump. This pump has no set amount of air or fluid that will be passed 
by the impeller blades during rotation. Flow is directly dependent upon 
the speed of the impeller blades. The second classification is called a 
positive displacement pump. This pump has a rather close clearance be- 
tween the rotating member and the stationary components. As a result 
of this construction, a definite or positive amount of fluid will pass 
through the pump during each revolution. Figure 7-11 shows a com- 
parison of these two pump classifications. 

The application of fluid pumps in automated manufacturing is so 
varied that it is difficult to list all of the different types used. A few basic 
pump types will be discussed to provide an understanding of industrial 
pump applications. Four basic pumping methods are commonly found 
in automated manufacturing systems. Of these, three are positive dis- 
placement types and the fourth is of the nonpositive displacement type. 

The reciprocating motion of a piston is often used in many high- 
volume and pressure pumping applications. Rotary motion is commonly 
used to produce pumping action. Gear and vane pumps operate on this 
principle. These pumps are available in a wide variety of designs and 
styles and represent the most common of all pump types. The final type 
of pump which is discussed uses centrifugal force to drive an impeller 
blade. This pump is more speed dependent than the other basic types. 
Each pumping method discussed is unique and has many industrial 
applications. 


Reciprocating Pumps. А common type of industrial pump used in both 
hydraulic and. pneumatic applications operates on the reciprocating 
principle. This pump forces either air or oil from a chamber by the re- 
ciprocating action of a moving piston. During the intake stroke air or 
oil is drawn into the chamber through an intake valve. A partial vacuum 
inside the chamber is created by the piston as it is being pulled to the 
bottom of its stroke. In this condition of operation the intake valve is 
pulled open, thus admitting air or oil into the chamber. The chamber 
is filled to capacity by the time the piston reaches the end of its stroke. 
Figure 7-12A shows this operational step. 

When the piston reaches the bottom of its stroke, the action is 
reversed. In this case the rotary motion of the motor causes the piston 
to change direction because of its eccentric connection to the drive disk. 
This action forces the discharge valve open and closes the intake valve. 
As a result, oil or air is forced out of the chamber. Figure 7-12B shows 
this operating condition with the piston near the top of its stroke. 
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Figure 7-12. Illustration of the operating of a reciprocating pump. (a) Intake 
stroke. (b) Pumping stroke. 


For each revolution of the motor shaft, a reciprocating pump will 
make an intake and discharge stroke. This method is classified as а 
single-stage, single-acting pump. Piston area and chamber volume are 
the key factors in determining the potential output of this type of pump. 
In some situations two or more stages or cylinders may be driven by 
the same motor shaft. 


Rotary-Gear Pumps. Тһе rotary-gear pump is another method of 
changing rotary motion into fluid power. Figure 7-13 shows the basic 
construction of an external type of rotary-gear pump. It contains two 
gears enclosed in a precision-machined housing. Rotary motion from 
the power source is applied to the drive gear. Rotation of this gear causes 
the second or driven gear to turn, with the teeth of the two gears mesh- 
ing in the middle. 

The basic operation of an external-gear rotary pump relies on un- 
meshed gears for carrying fluid away from the inlet side of the pump. 
Fluid trapped in these teeth is transferred around the periphery of both 
gears to the discharge side. When the gears remesh on the discharge 
side, fluid is forced to pass through the discharge port. Very little fluid 
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Figure 7-13. Illustration of the basic construction of an external-gear type of 
rotary pump. 


is permitted to return to the inlet side of the pump due to the close 
mesh structure of the gears. 

Another type of rotary-gear pump uses internal gears (see Figure 
7-14). In this type of pump one gear rotates within another gear. The 
inner gear (idler gear) is designed so that it has one or more fewer teeth 
than the driven outer gear (rotor gear). As the idler gear rotates within 
the rotor gear, the gear teeth unmesh at the inlet port and remesh at 
the discharge port. As the gears unmesh, fluid is drawn into the inlet 
port, filling the spaces between the gear teeth. The fluid moves smoothly 
around the head crescent and is expelled at the discharge port by the 
remeshing of the gear teeth. As a general rule, internal-gear rotary 
pumps can be operated equally well in either direction. The output ca- 
pacity of this type of pump usually ranges from 0.5 to 1100 gallons per 
minute (gal/min). 


Rotary-Vane Pumps. Vane pumps also use rotary motion to circulate 
fluid or to compress air. This type of pump has a series of sliding vanes 
placed in slots around the inside structure of the rotor. As the rotor 
turns within its housing, centrifugal force or spring action forces the 
vanes out of the rotor. These vanes conform to the internal shape of the 
housing and capture volumes of fluid as they pass by the inlet port. 
Rotation of the rotor/vane unit quickly moves fluid from the inlet port 
to the outer port, thus increasing flow or compressing volume. 

Figure 7-15 shows the basic construction of an unbalanced, 
straight-vane rotary pump. In this drawing the rotor is offset toward 
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Figure 7-14. Basic parts and principle of operation of an internal-gear type of 
rotary pump. (a) Cutaway view showing basic parts. (b) Principle of operation. 
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Figure 7-15. Illustration of the basic construction of an unbalanced, straight- 
vane rotary pump. 


the bottom of the housing. Through this type of construction, larger 
volume areas are present at the top of the rotor and small areas are 
present at the bottom. As a result, large volumes of oil or air can be 
made to move across the top with little or no return through the bottom. 
Offsetting the rotor in this way accounts for the unbalanced term com- 
monly associated with this pump. 

Balanced-vane pumps, by comparison, are designed so that the 
rotor is in the center of its housing. Large areas are made to appear at 
both the top and bottom of the housing. Separate inlet and outlet ports 
are developed by each side of the pump. Double pumping action of this 
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Figure 7-16. Two types of centrifugal pumps. (a) Volute type. (b) Axial-flow 
type. 


type develops a flow of air or oil that is smoother than the unbalanced 
tvpe of pump. 


Centrifugal Pumps. А wide varietv of centrifugal pumps are used 
today to circulate fluids. This tvpe of pump is classified as having a 
nonpositive displacement of fluids. Pumps of this {уре are primarily 
used for low-pressure, high-volume flow applications in industrv. Dis- 
placement of the fluid passing through a centrifugal pump is of an in- 
determinate amount compared with that of the other pumps discussed. 
The output of this pump is, therefore, dependent upon the rotational 
speed of its driving source. 

In Figure 7-16 two distinct types of centrifugal pumps are illus- 
trated. The pump of Figure 7-16A is commonly known as a volute-type 
pump because of the spiral (or volute) shape of its housing. When fluid 
enters the inlet port of the volute pump, it is set into rotation by the 
revolving blades of the impeller. This generates a centrifugal force which 
causes the fluid to move outward toward the inner wall of the housing. 
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The volute-shaped housing then causes the fluid to circulate in a spi- 
rallike path toward the outlet port. In order to keep the flow continuous, 
the inlet port must replace all fluid expelled from the outlet port. 

In the axial-flow tvpe of centrifugal pump illustrated in Figure 7- 
16B, the propeller-type blades of the impeller maintain tluid flow in the 
direction of the axis of rotation of the drive shaft. 

The structure of a centrifugal pump is such that there is always 
some clearance between the driver blade and the housing. This means 
that the amount of fluid displaced by the outlet port is not directly or 
positively related to the input. The volume of fluid delivered to the 
output is, therefore, dependent upon the rotational speed of the pump 
and the resistance of the feed line connected to the outlet port. A build- 
up of resistance in the feed line may cause the fluid flow to slow down 
or even come to a complete stop. When this occurs, the operating ef- 
ficiency of the pump drops to zero and no flow occurs. Any fluid in the 
pump simply rotates inside without being expelled. An increase in pump 
speed could be used to solve this problem. As a general rule, pumps of 
this type are only used for transferring large amounts of fluid at low 
pressure. 


Fluid Conditioning Components 


Fluid power systems employ a number of devices to condition air or 
hydraulic fluid before it is processed through the system. Typically, 
these devices are placed in the system to prolong component life by 
reducing the flow of foreign particles. The number of conditioning com- 
ponents used in a system depends upon the type of svstem. This ranges 
from a simple hydraulic system with a line filter or strainer to a rather 
sophisticated system that employs filters, strainers, and heat exchang- 
ers. Pneumatic svstems, by comparison, condition air by filtering it to 
remove dirt and water, regulating the pressure to the proper level, and 
adding oil as a lubricant. 

In hydraulic fluid conditioning the number of components, type of 
control devices, and condition of the operating environment are the 
major factors to consider in determining the amount of conditioning. 
For systems with manually operated control valves in a clean environ- 
ment, a simple intake strainer may provide sufficient conditioning. For 
systems that operate for long hours in a dirty environment with precision 
control valves, micrometer filters and several strainers are considered a 
necessity. 

Strainers are generally defined as coarse element devices placed in 
the pump inlet port or reservoir. These devices are usually of the stain- 
less steel screen type with a wire mesh rating of 60 to 200 wires per 
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square inch. Strainers are frequently placed in the reservoir filler open- 
ing, air breather, and pump inlet feed line. 

Filters provide a finer grade of fluid conditioning. Typicallv, these 
devices are made of some porous medium such as paper, felt, or fine 
wire mesh. Ratings range from 1 to 40 рт. A micrometer (рт) is one- 
millionth of a meter or 0.00003937 in. This rating refers to the particle 
size that is permitted to pass through the filter. 

In-line and T-type filters are commonly used in hydraulic systems. 
The T-type filter has a removable bowl or shell for element replacement. 
This type of filter usually employs a bypass relief valve that goes into 
operation when the element becomes contaminated and restricts flow. 
In-line filters must be removed from the line to clean or replace the filter 
element. Bypass relief valves are optional with this type of filter, de- 
pending on its application. 

Some hydraulic systems employ heat-exchanger units to maintain 
the temperature of the fluid at a desired level. Machinery that is op- 
erating near a furnace, or that is used in hot-metal areas, often requires 
heat-exchanger units to cool the hydraulic fluid. Forced-air fan units, 
water-jacket coolers, and gaseous cooling methods are often used to 
accomplish this function. As a general rule, applying heat is not a prob- 
lem when a system becomes cold. It produces heat during its normal 
operation. Fluid heating is only required in portable systems during а 
cold starting condition. 

In pneumatic fluid conditioning some devices that are different from 
hydraulic conditioning devices are used. Filtering, for example, must 
remove moisture as well as foreign particles from the air. In-line and T- 
type filters have special chemical filter elements made of a desiccant. This 
substance is very dry and is designed to attract moisture. Elements of 
this type often require periodic recharging, which is a heating process 
to dry the element. Some T-type filters also employ a moisture trap at 
the bottom of the bowl. If inspection of the glass bowl shows an ac- 
cumulation of moisture, it should be cleared bv the drain valve. 

Pressure regulation is a necessary pneumatic conditioning process. 
After air passes through a T-type filter, it goes into a regulator valve. 
The movement of air passing through this valve can be changed by an 
adjustment screw. Through this adjustment it is possible to alter the 
system line pressure from the receiving tank to some desired operating 
level. 

The pressure regulators of Figure 7-17 operate on a balance between 
atmospheric air pressure and system line pressure. Atmospheric pres- 
sure is applied to the top of the diaphragm through a vent. System 
pressure is applied to the bottom of the diaphragm. Turning the ad- 
justing screw adds mechanical pressure to the atmospheric pressure 
applied to the top of the diaphragm. When this pressure is greater than 
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Illustration of the operating principle of an air-pressure regulator 


valve. (a) System line pressure low. (b) System line pressure high. 


the system pressure, the diaphragm is forced down. This action opens 
the poppet valve, which in turn admits more air from the receiving tank 
(see Figure 7-17A). 

When the system line pressure becomes greater than the adjust- 
ment-screw/atmospheric-pressure setting, the diaphragm is forced up- 
ward. This action closes the poppet valve, thus maintaining the pressure 
at a set level. Figure 7-17B shows this condition of operation. Should 
the system line pressure drop, the process would repeat, thus main- 
taining an even level of line pressure. 

A regulator is simply a pressure-balancing device that maintains 
system line pressure at a preset level. In order for this device to function 
properly, pressure from the receiving tank must be greater than the 
pressure setting of the regulator valve. To increase the line pressure, 
the adjusting screw must increase the spring pressure on the diaphragm. 
Loosening the adjustment screw lowers the line pressure by reducing 
the diaphragm pressure. Regulators may appear at several places in a 
pneumatic system. 

Lubricators are unique conditioning devices found in pneumatic 
systems. This type of device simply adds a small quantity of oil to the 
air after it leaves the regulator. Through this conditioning process, valves 
and cylinders tend to last longer and operate more efficiently. 

Figure 7-18 shows a typical lubricator that is used to supply a mist 
of oil to the transmission feed line of a pneumatic system. When air 
enters at the inlet port, it is directed into a narrowed area called the 
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Figure 7-18. Illustration of the operating principle of a pneumatic lubricator 
unit. 


venturi. While passing through this area, the flow increases in velocity. 
Pressure developed in the narrow venturi area is lower than that of the 
larger area. As a result of this condition, oil is forced from the glass bowl 
into the oil tube and transported to the top of the unit. The needle valve 
is then adjusted to regulate the oil flow so that small droplets fall into 
the throat area. The air velocitv at the bottom of the throat causes these 
droplets to break into a fine mist of oil and mix with the passing air. 
Ultimately the lubricated air is forced to pass into the system through 
the outlet port. In pneumatic systems conditioning components such as 
the filter, regulator, and lubricator are often placed together in a com- 
bination unit, called an FRL unit. 
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The transmission lines of a fluid system тау be either rigid metal tubing 
or a flexible thermosplastic hose. Rigid lines are used in applications 
that are usually free of vibration. As a general rule, rigid lines are more 
economical and provide less trouble than flexible lines. 

Flexible transmission lines are made in a variety of types and sizes. 
The type of system and its application largely determine which trans- 
mission line is to be used. Three basic elements of a flexible hose are 
considered when selecting it for a specific application: the tube or inner 
lining, the reinforcement material, and the outside cover material. These 
considerations determine pressure limits, temperature operating range, 
and outside exposure resistance. 


Fluid System Control 


Control is essential for all fluid power systems. Fluid power сап be made 
to do some type of useful mechanical work through proper control. 
Control is achieved by components that alter system pressure, direction, 
and volume of fluid flow. 

Control devices are placed at several different places within a sys- 
tem. The actual location of a specific control is determined by the control 
function it must achieve. Pressure regulators, for example, may be at- 
tached to the output of the source or in the feed line attached to the 
load device. Direction control is typically found near the load device. 


Pressure Control. Pressure control refers to those operations that alter 
the pressure level of a fluid system. These include relief valves, reduc- 
ing, bypassing, sequencing, and counterbalance. In hydraulic systems 
pressure-relief valves are used to dump the output of a positive displace- 
ment pump back into the reservoir when the pressure rises to a dan- 
gerous level. In this pressure control application the relief valve also 
serves as a safety control device. 

In pneumatic systems pressure-relief valves are used to control 
smaller amounts of air. Excess air is not released into the atmosphere. 
The output port of a relief valve may be altered in size to achieve air 
pressure control. 

Pressure control may also be used to establish operating sequences. 
Valves that achieve this type of control simply direct pressure in some 
predetermined sequence at certain pressure levels. Control of this type 
is achieved by a relief valve type of construction. When the main system 
pressure overcomes the valve setting, it shifts to a different port. Se- 
quencing valves are often used in automated manufacturing systems. 
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Figure 7-19. Illustration of the operating of a check valve. (а) Free-flow con- 
dition. (b) Closed-flow condition. 


Direction Control. Directional control of tluid systems is achieved by 
devices designed to start, stop, or reverse fluid flow without causing an 
appreciable change in pressure or flow rate. One-, two-, three-, and 
four-way valves are some of the more common directional control de- 
vices. These devices may be actuated Бу pressure, mechanical energy, 
electricity, or by manual operation. 

The control action of a directional valve can be achieved in a variety 
of different ways. One-wav valves, for example, тау operate on the 
seated-ball principle of the relief valve. One-way valves are commonly 
called check valves. This valve will permit flow in only one direction. 

Figure 7-19 shows the operation of a check valve. When pressure 
is applied to the inlet port, it drives the ball away from its seat. When 
this occurs, the flow path becomes open and fluid passes through the 
valve. In the reverse direction, pressure forces the ball into its seat. This 
action prevents flow in this direction. Valves of this tvpe are often used 
to permit free flow around some controls when the flow direction is 
reversed. 

Two-way valves are simple directional control devices that have 
input and output connections placed in series with the transmission line. 
Valves of this type are designed to permit flow or shut it otf. This type 
of control is achieved bv placing gates, plugs, discs, spools, or other 
precision-machined objects in the line so that normal flow is obstructed. 
For example, a ball-type directional control valve has a ball that can be 
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rotated manually by an outside control handle. When the handle is in 
line with the feed line connections, flow occurs. Turning the handle 90* 
positions the ball to stop flow. This type of valve is used primarily for 
high-pressure control applications and is only one type of two-wav con- 
trol valve. 

Three-way valves are designed primarily to permit the operator to 
shift to two different sources of pressure or to direct pressure to alternate 
devices. Generally, this type of valve is used to alter cylinder operation 
or to control hydraulic or pneumatic motors. Valves of this type can be 
actuated mechanically, manually, by pilot pressure, or by electricity. 
Basic designs include shifting spools, poppets, and shear seal plates. 
Figure 7-20 illustrates the structure of these basic types of three-way 
valves. 

Figure 7-21 shows the basic operation of a spool-type, three-way 
directional control valve. When the manual control shaft is pushed to- 
ward the right, it causes the spools to shift right. Flow is through ports 
P and A. When the shaft is pulled to the left, the spools shift to the left. 
This permits flow through ports P and E or T. The port label P is a 
designation of pressure, A indicates actuating port, and E or T indicates 
exhaust or tank. These letter designations are assigned by the American 
National Standards Institute (ANSI). 

As a general rule, three-way valves are designed for only two- 
position operation. Some valves have a neutral or off position. This 
additional position increases the control capabilities of the valve. 

Four-way valves are used in control applications to start, stop, or 
reverse the direction of flow. In its simplest form, this type of valve has 
four working connections and is manufactured in two, three, four, five, 
and six different position combinations. Four-way valves are commonly 
used to control forward and reverse actuation of a double-acting cylinder 
or to reverse the rotational direction of a fluid motor. 

Figure 7-22 shows the basic operation of a four-way, spool-type 
valve. In position 1 the pressure feed line is neutralized, or is in the off 
position. Position 2 shows the flow direction from P to A with an exhaust 
from B to E2. Position 3 shows flow from P to B with the exhaust from 
A to Еу. With this type of control, flow direction can easily be reversed 
by manually shifting spool location. Actuation of this valve can be 
achieved mechanically, manually, electrically, or with a pilot pressure. 


Flow Control. Flow control is accomplished by components designed 
to alter the volume or flow rate of hydraulic or pneumatic systems. The 
rate at which air or hydraulic fluid is delivered to the load of a system 
determines its operational speed. Motor speed, for example, is directly 
dependent upon the flow rate of the applied fluid. Bv altering this rate, 
a motor can be made to operate at a wide variety of speeds. 
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Figure 7-21. Illustration of the operating principle of a spool-tvpe, three-way 
valve. (a) Flow path with spools to the right. (b) Flow path with spools to the 
left. 


Cylinder actuating speed is also controlled bv fluid flow devices. 
To alter the linear motion of a cylinder, fluid may be controlled at the 
input feed line, the return line, or a combination of both. The term 
metering is often used to describe this function. 

Figure 7-23 shows the operation of a flow control valve. Construc- 
tion of this valve permits controlled flow from P to F. Flow level in this 
direction is adjusted by the needle valve. The letters P and F refer to 
the pressure and free-flow connections of the valve. Flow from F to P 
forces the ball of the check valve to move awav from its seat, which 
produces uncontrolled tlow. An arrow on the valve or ANSI symbol 
refers to the controlled flow direction. 


The primary purpose of a fluid power system is to produce some form 
of useful work. The power output of a system refers to those parts that 
are designed to do some {уре of useful work. The term load is often 
used to describe this function. However, the term actuator is a more 
meaningful term when reterring to specific components that produce a 
useful form of work in automated manufacturing operations. 
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Figure 7-22. Шивітайоп of the operating principle of a spool-tvpe four-way 
valve. (a) Position 1. (b) Position 2. (c) Position 3. 
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Figure 7-23. Illustration of the operating principle of a flow control valve. 
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In industry fluid power systems are designed to produce work in 
the form of mechanical motion. Special actuators are used to produce 
either linear or rotary motion. Hydraulic and pneumatic systems pro- 
duce linear motion through the action of a cylinder as the actuator. Rotary 
actuators are used to produce a twisting or turning motion to do certain 
types of work. The basic operating principles that apply to both hy- 
draulic and pneumatic actuators are very similar. 


Linear Actuators (Cylinders). Іп industry cylinders are used to develop 
the force needed to lift, compress, hold, or position objects during au- 
tomated manufacturing processes. In order to produce linear motion, 
hydraulic fluid or air is forced into a cylindrical chamber under pressure. 
А piston placed within the chamber is free to move due to the pressure 
applied to it. The area of the piston determines the amount of force it 
will develop from an applied pressure. The area of a round piston can 
be determined by the formula 


PE aD? 
шол. 
ууһеге 
A = area of piston, in.* or m? 
T = а constant (3.14) 
D = diameter of piston, in. or m 


The force developed by this piston тау be determined by the formula 


Е = РА 


where 


E 
I 


force developed, Ib or М 
P — applied fluid pressure, Ib/in.? or Pa 


A 


area of piston, in.? or n 


Single-acting cylinders have only one input port. Figure 7-24 shows 
the operation of a single-acting cylinder. When fluid is forced into the 
actuating port under pressure, it causes the piston to move. In this case 
weight is lifted by the fluid force driving the piston. The combined load 
of this system is the weight being lifted, the friction between the piston 
and cylinder walls, and the heat developed by fluid friction. 

Returning the piston to its original position can be achieved by first 
stopping the forward flow of fluid. A shutoff valve could achieve this 
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Figure 7-24. Illustration of the operation of a single-acting cylinder. (a) Piston 
extended by fluid driving force. (b) Piston retracted by release of fluid driving 
force. 


operation. Then the fluid under the piston must be released. The weight 
of the load would then cause the piston to retract when the fluid is 
released. 

Double-acting cylinders, as the name implies, have power action in 
two directions. Two ports are needed with this type of cylinder. Fluid 
is applied to one port and expelled from the other port during its ex- 
tending operation. Retracting the piston is achieved by reversing the 
fluid flow. A four-way valve is commonly used to control the motion 
of this cylinder. Industrial manufacturing applications include punch 
presses, rolling mills, machine-tool clamps, paper cutters, and actuators 
used with some types of industrial robots. 

Figure 7-25 shows the basic operation of a double-acting cylinder. 
To initially extend the piston rod, fluid must be applied to the right side 
of the piston and removed from the left side. This action would force 
the piston to move to the left. Switching the fluid flow would cause the 
piston to move to the right. As a general rule, the retracting force is 
somewhat less than the extending force. The area of the piston in this 
case is somewhat smaller due to the connection of the piston rod. 

The double-acting cylinder just discussed is of the differential type. 
The linear action of the piston is determined by the pressure difference 
on each side of the piston. The piston rod extends only from one side 
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Figure 7-25. Illustration of the operation of a double-acting cylinder. (а) Fluid 
driving piston to the left. (b) Fluid retracting piston to the right. 


of the cylinder. A nondifferential type of cylinder has rods extending 
from both ends of the piston. Cylinders of this type can provide an equal 
force in either direction. 


Rotary Actuators. Rotary actuators are fluid power devices designed to 
produce a limited amount of rotary motion in either direction. Figure 
7-26 illustrates two of the most common types. Fluid applied to port A 
causes the rotor to move in a clockwise direction a certain distance. 
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Figure 7-26. Rotary actuators. (a) Single-vane type. (b) Double-vane type. 
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Counter-clockwise rotation is achieved by applying fluid to port В and 
expelling fluid from port A. The single-vane rotor can be made to turn 
approximately 280° in either direction. The double-vane rotor has twice 
the turning power but can only turn approximately 100° in either di- 
rection. Actuators of this type are used to lift or lower, to open or close, 
and in indexing operations. Rotary actuators are commonly used in con- 
tinuous reciprocating operations such as that of a punch press. 


Fluid Motors. Fluid motors are designed to convert the force of a mov- 
ing fluid into rotary motion. Fluid motors and pumps are generally very 
similar in appearance and operation. In a fluid motor the power of a 
moving fluid is used to produce rotary motion by driving vanes, gears, 
or pistons. The pump, of course, must be driven by a rotary force to 
produce fluid flow. 

Gear pumps can be used interchangeably as motors. Gear motors 
are capable of operating at speeds up to 5000 rpm. Both internal and 
external gear motors are currently available. 

Fluid motors are generally classified according to the type of fluid 
displacement they possess. Gear, vane, and piston motors usually have 
a fixed displacement characteristic. This type of motor accepts a certain 
amount of fluid and moves it with each revolution. The operating speed 
of the motor depends entirely on the amount of fluid supplied by the 
source. Variable displacement motors, by comparison, are designed so 
that the amount of fluid circulated during each revolution can be 
changed. The piston type of motor fits into this classification. The length 
of its stroke is altered to produce the variable displacement characteristic. 
The speed of this motor can, therefore, be changed by an outside ad- 
justment. Operating speeds of up to 3000 rpm are tvpical. 

The rotary motion produced by a fluid motor is a form of power 
intended to do work. Its turning capability is a measure of torque, which 
is equal to the developed force multiplied by the radius of the rotating 
arm. Mathematically this is expressed by the formula 


pressure (Ib/in.^) x displacement (in.*)/revolution 


TE = 
orque 5 


in.-lb 


The output power developed by a fluid motor is commonly ex- 
pressed as horsepower. Mathematically, horsepower can be determined 
by the formula 


torque (in.-Ib) x speed (rpm) x 2 


Horsepower — 33,000 ft-Ib/min 


hp 


Review Questions 


Motor performance information supplied by the manufacturer can nor- 
mally be obtained to make these calculations for manufacturing appli- 
cations. 


Indicators. The most significant measurement to be made in a fluid 
system is pressure. Indicators that measure pressure play a very im- 
portant role in the overall performance of a system. Regulators and 
pneumatic receiver tanks often employ pressure indicators or gauges as 
permanent fixtures. A wide range of pressures must be measured. Neg- 
ative pressures (vacuums) as low as 0.00002 Ib/in.? up to positive pres- 
sures as high as 1 x 10° Ib/in.* must be measured in automated industrial 
equipment. This wide range of measurement requires a number of dif- 
ferent indicating devices. 

In addition to pressure, fluid systems often require measurements 
of flow and temperature. Indicators that measure and display these val- 
ues are very valuable methods used to analyze system operating effi- 
ciency. Temperature and flow indicators are rarely attached to the sys- 
tem as a permanent fixture. They are, however, used periodically to test 
and evaluate a fluid system during operation. 

Pressure indicators employ an element that physically changes shape 
when different values of pressure are applied. Spiral and helix coil ele- 
ments have a tendency to uncoil when pressure is applied. The Bourdon 
tube element tends to straighten when pressure is applied to it. The 
physical change produced by these different elements can then be used 
to move an indicator hand on a scale or a stylus on a paper chart. 

Flow indicators are primarily used to test flow rates from pumps, 
at key locations, and at the inlet and outlet ports of actuators. By mon- 
itoring flow rates, it is possible to determine system efficiency and to 
minimize maintenance problems. Measurements of this type are con- 
veniently divided into three general categories: the differential pressure 
method, the force method, and the velocity flow method. 


REVIEW QUESTIONS 


What are some industrial applications of hydraulic systems? 
What are some industrial applications of pneumatic systems? 
What are the basic parts of a fluid power system? 

Discuss Pascal's law and its application in tluid power systems. 
Define the terms (a) force, (b) pressure, (c) work, and (d) power. 
How is power transferred in a fluid power system? 
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Give the function of each of the following parts of a hydraulic 
system: (a) motor, (b) pump, (c) pressure relief valve, (d) gauge, 
and (e) reservoir. 

What are some types of fluid pumps? Give a brief description of 
each. 


What is the purpose of the fluid conditioning components of a fluid 
power system? 


Discuss the operation of a pressure regulator. 


What are some types of control devices used with fluid power 
systems? 

How is direction control of a fluid power system accomplished? 
What is a single-acting cylinder? Double-acting cylinder? 

How is the torque developed by the motor of a fluid power system 
determined? 

What are some types of indicators used with fluid power systems? 


Chapter 8 


ELECTRICAL MACHINERY AND 
POWER SYSTEMS 


The operation of automated manufacturing systems and industrial ro- 
bots relies upon various types of electrical machinery. Electrical power 
systems are depended upon to supply energy to manufacturing equip- 
ment so that industrial operations and processes may be performed. A 
robotic system is a unique tvpe of automated manufacturing system. 
These systems sometimes require several types of energy inputs and 
specialized machinerv for proper operation. 

This chapter provides an overview of the types of electrical ma- 
chinery and power systems which may be utilized with robotic systems. 
The operation of the electrical machinery used with robotic systems is 
dependent upon the proper distribution and control of electrical power. 
Robotic systems use both ac and ас electrical energy inputs. 


Brief Overview of Electrical Energy Sources 


Industries use over 40 percent of the electrical energy produced in the 
United States. Sources of electrical energy, therefore, are very important 
for automated industrial processes. Without sources of electrical energy, 
industries could not continue to produce the goods and services upon 
which we have become so dependent. It is important for those involved 
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with industrial operation to be familiar with electrical energy sources. A 
knowledge of how electrical energy is produced and the sources of en- 
ergy available are fundamental to industrial system operation. Industry 
depends on electrical energy for heat, light, machine operation, elec- 
trochemical processes, and other automated processes. Іп addition, 
many industries produce electrical equipment and appliances and, 
therefore, depend on electrical energy for their product marketing. 

There are several methods presently used to produce electrical en- 
ergy. The most frequently used methods in the United States are fossil 
fuel (coal, oil, and gas) systems, hydroelectric systems, and nuclear fission 
systems. In addition, various other methods, some of which are in the 
experimental stages, may be used as future energy sources. Such sys- 
tems as solar cells, geothermal systems, wind-powered systems, mag- 
netohydrodynamic (MHD) systems, nuclear fusion, and fuel cells are 
being considered. 

Coal-fired electrical energy sources produce nearly one-half of the 
electrical power used in the United States. Natural gas-fired systems are 
used to produce about one-fourth of our electrical power, while oil-fired 
systems produce over 10 percent. The relative contribution of each sys- 
tem to the total electrical power produced in the United States is subject 
to rapid change due to the addition of new power generation facilities 
and fuel availability. At the present time, over 80 percent of our electrical 
energy is produced by fossil fuel systems. 

The energy from stored water is also used to generate electrical 
energy. This method of energy conversion is used in hydroelectric power 
systems. Water is channeled through a control gate and passes through 
the blades of a reaction-type turbine, which produces rotation. This me- 
chanical energy is used to rotate a generator that is connected directly 
to the turbine shaft. Rotation of the alternator then causes electrical 
energy to be produced. 

Some of our electrical energy is now produced by nuclear fission 
power plants. The process is somewhat similar to fossil fuel power sys- 
tems. Heat produced by a reaction in a nuclear reactor is used to produce 
steam to drive a steam turbine. The steam turbine provides mechanical 
energy to rotate an electrical generator. 

Electrical energy produced at power plants is alternating current. 
This electrical energy is then transmitted by means of long-distance over- 
head power lines to industries, residences, and commercial buildings. 
Once this ac electrical energy is distributed to an industry, the interior 
distribution and control system of the building supplies the proper elec- 
trical energy to the equipment which is used throughout the building. 

The ac electrical energy requirement for an automated manufac- 
turing system may be either three-phase or single-phase. For larger ma- 
chines three-phase alternating current is ordinarily used. Several ma- 
chines used for automated manufacturing require dc power supplies. 


Electric Motors 


Industries use dc sources for many specialized processes. Electroplating 
and dc variable-speed motor drives are two examples that show the need 
for dc energy to sustain industrial operations. Many robotic systems 
use dc servo motors and controls. Although most of the electrical power 
produced in the United States is three-phase alternating current, several 
methods are available to convert alternating current to direct current for 
industrial use. Direct current is also made available through primary 
and secondary chemical cells, which are used extensively. The process 
of converting alternating current to direct current is called rectification. 
Rectification systems are usually the most convenient and inexpensive 
methods of providing dc energy to industrial equipment. 
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Electric motors convert electrical energy into mechanical energy. There 
are many types of motors used in industries. In fact, the motor load is, 
for many industries, the major power-consuming equipment. Motors of 
various sizes are used for processes ranging from precise machinery 
control to the movement of massive pieces of equipment. Robotic sys- 
tems ordinarily use several motors. 

АП motors, regardless of whether they operate from an ac or a dc 
power source, have several basic characteristics in common. Their basic 
parts include (1) a stator, which is the frame and other stationary com- 
ponents; (2) a rotor, which is the rotating shaft and its associated parts; 
and (3) auxiliary equipment such as a brush-commutator assembly for 
dc motors and a starting circuit for single-phase ac motors. The basic 
parts of a dc motor are shown in Figure 8-1. The function of a motor 
is to produce mechanical energy in the form of rotary motion. To produce 
rotary motion, a motor must have an electrical energy input. Motion is 
produced in a motor due to the interaction of a magnetic field and a set 
of conductors. 

The rotating effect produced by the interaction of two magnetic 
fields is called torque. The torque produced by a motor depends on the 
strength of the machine's magnetic field and the amount of current flow- 
ing through its conductors. As the magnetic field strength or the current 
through the conductors increases, the amount of torque or rotary motion 
will also increase. 


Motors that operate from dc power sources are used in industry when 
speed control is desirable. Direct current motors are classified as series, 
shunt, or compound machines, depending on the method of connecting 
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Figure 8-1. Basic parts of a dc motor. 


the rotor and stator windings of the machine. Also, permanent-magnet 
dc motors are used for certain applications in industries. 

The operational characteristics of dc motors can be generalized by 
referring to Figure 8-2. Most electric motors exhibit characteristics sim- 
ilar to those shown in the block diagram. When discussing dc motor 
characteristics, one should be familiar with the following terms: load, 
speed, counterelectromotive force (cemf), armature current, and torque. 
The amount of mechanical load applied to the shaft of a motor deter- 
mines its operational characteristics. As the mechanical load is increased, 
the speed of a motor tends to decrease. As the speed decreases, the 
voltage produced in the conductors of the motor due to generator action 
(cemf) decreases. The generated voltage, ог cemf, depends upon the 
number of rotating conductors and the speed of rotation. Therefore, as 
the speed of rotation decreases, so does the cemf. 

The cemf generated by a motor is in opposition to the supply volt- 
age. Since the сет? is in opposition to the supply voltage, the actual 
working voltage of a motor will increase as the cemf decreases. When 
the working voltage increases, more current will flow through the rotor 
windings. The torque of a motor is directly proportional to the rotor 
current. Thus, torque will increase as rotor current increases. 

To briefly discuss the opposite situation, if the mechanical load 
connected to the shaft of a motor decreases, the speed of the motor 
tends to increase. Ап increase in speed causes an increase in the cemf. 
Тһе cemf is in opposition to the supply voltage. As the cemf increases, 
the rotor current decreases. A decrease in rotor current causes a decrease 
in torque. 
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Figure 8-2. Operational characteristics of dc motors. 


Torque varies with changes in load. Each of the steps involved 
should be considered to understand dc motor operation. As the load 
on a motor is increased, its torque also increases to try to meet the 
increased load requirement. However, the current drawn by a motor 
from the power source also increases when the load is increased. 

The presence of a cemf to oppose the armature current is very 
important in motor operation. The lack of any cemf when a motor is 
being started explains why motors draw a very large initial starting cur- 
rent as compared to their running current when full speed is reached. 
Maximum armature current flows when there is no cemf. As the cemf 
increases, the rotor current decreases. Thus, resistances in series with 
the rotor circuit are often used to compensate for the lack of cemf and 
to reduce the starting current of a motor. After the motor has reached 
full speed, these resistances are bypassed by automatic or manual 
switching systems in order to allow the motor to produce maximum 
torque. 

The horsepower rating of a motor is based on the amount of torque 
produced at the rated full-load values. Horsepower, which is the usual 
method of rating motors, can be expressed mathematically as 


| 215Т 
В! = 
1Р 7 33,000 
к; 
2 5255 
where 
hp - horsepower rating 
2т — a constant 


$ — speed of motor, rpm 


-] 
Il 


torque developed by motor, ft-Ib 
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The most desirable characteristic of dc motors is their speed control 
capability. By varying the applied dc voltage, speed can be varied from 
zero to the maximum rpm of the motor. Some types of dc motors have 
more desirable speed characteristics than others. For this reason, we can 
determine the comparative speed regulation for different types of mo- 
tors. Speed regulation is expressed as 


А À enm s 
Percent of speed regulation = EX T x ]00 
5n 
where 
Sn = no-load speed, rpm 
Sy = rated full-load speed, rpm 


Good speed regulation (low percentage) results when a motor has nearly 
constant speeds under varying load situations. 

The types of ас motors commercially available fall basically into 
four categories: (1) permanent-magnet, (2) series-wound, (3) shunt- 
wound, and (4) compound-wound dc motors. Each of these motors has 
different characteristics due to its basic circuit arrangement and physical 
properties. 


Permanent-Magnet ас Motor. Тһе permanent-magnet «іс motor is il- 
lustrated in Figure 8-3. The permanent-magnet motor is ordinarily used 
where a low amount of torque is required. When this type of motor is 
used, the «іс power supply is connected directly to the rotor conductors 
through the brush-commutator assembly. The magnetic field is pro- 
duced by permanent magnets mounted to the stator. 


Series-Wound dc Motor. The manner in which the rotor and stator 
circuits of a dc motor are connected determines its basic characteristics. 
Each of the types of dc motors are similar in construction. 

The series-wound motor illustrated in Figure 8-4 has the armature 
(rotor) and field circuits connected in a series arrangement. There is only 
one path for current to flow from the dc voltage source. Therefore, the 
field has a low resistance. Changes in load applied to the motor shaft 
cause changes in the current through the field. If the mechanical load 
increases, the current also increases. The increased current creates а 
stronger magnetic field. The speed of a series motor varies from very 
fast at no load, to very slow at heavy loads. Since large currents may 
flow through the low resistance field, the series motor produces a high 
torque. Series motors are used where heavy loads must be moved and 
speed regulation is not important. 
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Figure 8-3. Permanent-magnet dc motor. 
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Figure 8-4. Series-wound dc motor. 


Shunt-Wound dc Motors. Shunt-wound dc motors are more com- 
monly used than any other type of dc motor. As shown in Figure 8-5, 
the shunt-wound dc motor has the field coils connected in parallel with 
the armature (rotor). This type of dc motor has field coils that have 
relatively high resistance. Since the field is a high-resistance parallel 
path, a small amount of current flows through the field. 

Most of the current drawn by the shunt motor flows in the armature 
circuit. Since the armature current has little effect on the strength of the 
field, motor speed is not affected appreciably by variations in load cur- 
rent. The field current, however, can be varied by placing a variable 
resistance in series with the field windings. Since the current in the field 
circuit is low, a low-wattage rheostat can be used to vary the speed of 
the motor. As the field resistance increases, the field current decreases. 
A decrease in field current reduces the strength of the electromagnetic 
field. When the field flux is decreased, the armature will rotate faster. 
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Figure 8-5. Shunt-wound dc motor. 


Thus, the speed of a dc shunt motor can easily be varied by using а 
field rheostat. The shunt-wound de motor has very good speed regu- 
lation. Because of its good speed regulation and its ease of speed control, 
the shunt-wound de motor is commonly used for industrial applications. 
Many types of variable-speed machine tools are driven by shunt-wound 
de motors. 


Compound-Wound dc Motors. Тһе compound-wound dc motor has 
two sets of field windings, one in series with the armature and one in 
parallel. (See Figure 8-6.) This motor combines the desirable character- 
istics of the series- and shunt-wound motors. It has high torque, similar 
to a series-wound motor, and good speed regulation, similar to a shunt- 
wound motor. Therefore, when good torque and good speed regulation 
are needed for an industrial application, the compound-wound de motor 
can be used. However, compound-wound motors are more expensive. 


Single-Phase, ac Motors 


Single-phase ac motors are common for industrial as well as commercial 
and residential usage. They operate from a single-phase ac power 
source. There are three basic types of single-phase ac motors: universal 
motors, induction motors, and synchronous motors. 


Universal Motors. Universal motors can be powered by either ac or 
de power sources. The universal motor illustrated in Figure 8-7 is con- 
structed in the same way as a series-wound dc motor; however, it is 
designed to operate with either alternating current or direct current. The 
series-wound motor is the only type of dc motor that will also operate 
with ac power applied. The universal motor is one type of ac motor that 
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Figure 8-6. Compound-wound dc motor. 
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Figure 8-8. Squirrel cage rotor. 


has concentrated field windings. These field windings are similar to 
those of dc motors. The speed and torque characteristics of universal 
motors are similar to dc series-wound motors. Applications of universal 
motors in industry are mainly for portable tools and small motor-driven 
equipment. 


Induction Motors. Induction motors have a solid rotor, referred to as 
a squirrel cage rotor and shown in Figure 8-8. Thev have large-di- 
ameter copper conductors soldered at each end to a circular connecting 
plate. When current flows in the stator windings, a current is induced 
in the rotor. The stator polarity changes in step with the applied ac 
frequency. This develops a rotating or revolving magnetic field around 
the stator. The rotor becomes instantaneously polarized due to the cur- 
rent flow through the copper conductors. The rotor will therefore tend 
to rotate in step with the revolving magnetic field ot the stator. Some 
method of initially starting the rotation must be used so that the rotor 
will rotate. However, due to inertia, a rotor must be initially put into 
motion by some auxiliarv starting method. 


Electric Motors 


The speed of an ac induction motor is based on the speed of the 
rotating magnetic field and the number of stator poles that the motor 
has. The speed of the rotating stator field can be expressed as 


x 120 
AT e qp 
п 
where 

5 — speed of rotating stator field, rpm 
f = frequency of applied ac voltage, Н 
n — number of poles in stator windings 

120 - conversion constant 


A two-pole motor operating from a 60-Hz source would have a stator 
speed of 3600 rpm. The stator speed is also referred to as the synchronous 
speed of a motor. For 60-Hz operation, the following synchronous speeds 
would be obtained: 


Two-pole, 3600 rpm; 
Four-pole, 1800 rpm; 
Six-pole, 1200 rpm; 
Eight-pole, 900 rpm; 
Ten-pole, 720 rpm; and 


OMIM c E 


Twelve-pole, 600 rpm. 


The difference between the revolving stator speed of an ac induc- 
tion motor and the rotor speed is called slip. The rotor speed is somewhat 
less than the revolving stator speed in order to develop torque. The 
more the rotor speed lags behind the stator field, the more torque is 
developed. Slip is expressed mathematically as 


бы ее Sk 
Percent slip = ECHO x 100 
where 
5: — synchronous (stator) speed, rpm 
5, — rotor speed, rpm 


As the rotor speed becomes closer to the stator speed, the percentage 
of slip becomes smaller. 
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Three-Phase ac Motors 


Three-phase ac motors are often called the "work-horses of industry." 
Most motors used in industry are operated from three-phase ac power 
sources, There are two basic types of three-phase motors: (1) three-phase 
induction motors and (2) three-phase synchronous motors. 


Induction Motors. Тһе three-phase induction motor has a squirrel cage 
rotor. Since three-phase voltage is applied to the stator, no external 
starting mechanisms are needed. Three-phase induction motors are 
made in a variety of integral horsepower sizes and have good starting 
and running torque characteristics. A three-phase induction motor is 
shown in Figure 8-9. 

Three-phase induction motors are used for many industrial appli- 
cations, such as mechanical energy sources for machine tools, pumps, 
elevators, hoists, conveyors, and many other automated systems. 


Synchronous Motors. Three-phase synchronous motors are unique 
and very specialized motors. They are considered constant-speed motors 
and can be used to "correct power factors" of three-phase systems. Direct 
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Figure 8-9. Three-phase ac induction motor. 
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current is applied to the rotor to produce electromagnetic field, and the 
stator has windings. Three-phase ac power is applied to the stator. 

The three-phase synchronous motor differs from the three-phase 
induction motor in that the rotor is wound and is connected through a 
commutator-brush assembly to a dc power source. Three-phase syn- 
chronous motors, in their pure form, have no starting torque. Some 
external means must be used to initially start the motor. Synchronous 
motors are constructed so that they will rotate at the same speed as the 
revolving stator field. At synchronous speed, rotor speed equals stator 
speed and the motor has zero slip. 


Rotary Electric Actuators 


In industry today there is a need for devices that produce a type of 
rotary motion that is somewhat different from that produced bv an elec- 
tric motor. This type of actuator employs rotary motion to control the 
angular position of a shaft. Synchro systems and servomechanisms are 
used in industry to achieve this basic operation. Through these devices 
it becomes possible to transmit rotary motion between locations without 
direct mechanical linkage. Robotic systems ordinarily use rotary actua- 
tors. 

Synchro systems are motor-generator units connected together to 
allow the transmission of angular shaft positions by electromagnetic field 
changes (see Figure 8-10). When an operator turns the generator shaft 
of the unit to a certain position, it automatically rotates the motor shaft 
to an equivalent position at a remote location. With this type of system 
it is possible to achieve accurate control over great distances. 

Servomechanisms are employed in synchro systems that require 
increased torque or precise movements of a control device. A servone- 
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Figure 8-10. Circuit diagram of a basic synchro system. 
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chanism is ordinarily a special type of ac or dc motor that drives a pre- 
cision piece of equipment in specific angular increments. Systems that 
include servomechanisms generally require amplifiers and error- 
detecting devices to control angular displacement of a shaft. 


Synchro Systems. А synchro system has two or more devices that are 
similar in appearance to small electric motors. These devices are con- 
nected together in such a way that the angular position of the generator 
shaft can easily be transmitted to the motor or receiver unit. Figure 8- 
10 shows a schematic diagram of a basic synchro unit. As a general rule, 
the generator and motor units are identical electrically. Physically, the 
motor unit has a metal flywheel attached to its shaft to prevent shaft 
oscillations or vibrations when it is powered. The letters G and M inside 
the electrical symbol denote the generator or motor functions. 

Single-phase ac voltage is used to power the system of Figure 8- 
10. The voltage is applied to the rotors of both the generator and motor. 
The stator windings are connected together as indicated. When power 
is applied to the system, the motor will position itself according to the 
location of the generator shaft. No change will take place after the motor 
unit aligns itself with the generator position. Both units will remain in 
a stationary condition until some further action takes place. Turning the 
generator shaft a certain number of degrees in a clockwise direction will 
cause a corresponding change in the motor unit. If calibrated dials were 
attached to the shaft of each unit, they would show the same angular 
displacement. 

Any change in rotor position of the generator unit is translated 
into a voltage change and applied to the motor stator coils. Through 
this action, linear displacement changes can be transmitted to the motor 
through the stator coils. Systems of this type are used in industrial au- 
tomatic process control applications. 


Servo Systems. Servo systems are specific types of electrical machines 
concerned with such things as changing the mechanical position or 
speed of an object. Mechanical position applications include numerical 
control machinery, process control indicating equipment, and robotic 
systems. Speed applications are found in convevor belt control units, 
spindle speed control in machine tool operations, and disk or magnetic 
tape drives for computers. As a general rule, a servo system is a rather 
complex unit that follows the commands of a closed-loop control path. 
Figure 8-11 shows the components of a typical servo system. 

The input of a servo system serves as the reference source or as a 
set point to which the load element responds. By changing the input in 
some way, a command is applied to the error detector. This device re- 
ceives data from both the input source and the controlled output device. 
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Figure 8-11. Block diagram of a typical servo system. 


If a correction is needed with reference to the input command, it is 
amplified and applied to the actuator. The actuator is normally a ser- 
vomotor that produces controlled shaft displacements. The controlled 
output device is usually a synchro system that relays information back 
to the error detector for position comparison. 


Servomotors. A servomotor is a special type of device that is used to 
achieve a precise degree of rotary motion. Motors of this type must first 
be able to respond accurately to signals developed by the system's am- 
plifier. Secondly, they must be capable of reversing direction quickly 
when a specific signal polarity is applied. Also, the amount of torque 
developed by a servomotor must be quite high. 

Two distinct types of servomotors are used today to achieve these 
operating conditions. A single-phase ac type of motor, called a synchron- 
ous motor, is commonly used in low-power applications. Excessive 
amounts of heat developed during starting conditions normally limit 
this motor to rather low-output-power applications. Direct current step- 
ping motors are another type of servomotor. 


ac Synchronous Motors. Тһе construction of an ac synchronous motor 
is quite simple. It contains no brushes, commutators, or slip rings. As 
shown in Figure 8-12, it is simply made up of a rotor and a stator 
assembly. There is no direct physical contact between the rotor and 
stator. A carefully maintained air gap is present between these two parts. 
This motor has a long operating life and is highly reliable. 

The speed of a synchronous motor is directly proportional to the 
frequency of the applied ac and the number of pairs of stator poles. 
Since the number of stator poles cannot be altered after the motor has 
been manufactured, frequency is the most significant speed factor. 
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Figure 8-12. Construction of ac synchronous motor. 


Speeds of 28, 72, and 200 rpm are typical, with 72 rpm being a common 
industrial numerical control standard. 

Figure 8-13 shows the stator layout of a two-phase synchronous 
motor with four poles per phase. Poles Хі-5 and №-5; represent one 
phase while poles №-5; and Ne-Ss represent the second phase. There 
are places for 48 teeth around the inside of the stator of Figure 8-13. 
One tooth per pole, however, has been eliminated to provide a space 
for the windings. Five teeth per pole, or a total of 40 teeth, are formed 
on the stator. The four coils of each phase are connected in series to 
achieve the correct polarity. 

The rotor of the synchronous motor is a permanent magnet. There 
are 50 teeth cast into its form. The front section of the rotor has one 
polarity while the back section has the opposite polarity. The physical 
difference in the number of stator teeth (40) and rotor teeth (50) means 
that only two teeth of each part can be properly aligned simultaneously. 
With one section of the rotor being a north pole and the other section 
being a south pole, the rotor has the ability to stop very quickly. It can 
also produce complete direction reversals without hesitation because of 
this gearlike construction. 

The synchronous motor has the capability of starting in one and 
one-half cycles of the applied ac frequency. In addition to this, it can 
be stopped in five mechanical degrees of rotation. These two charac- 
teristics are primarily attributed to the geared rotor and stator construc- 
tion. Synchronous motors of this type have one other important char- 
acteristic. They draw the same amount of current from the power source 
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Figure 8-13. Stator layout of two-phase synchronous motor. (Courtesy of 5и- 
perior Electric Co.) 


when stalled that they do when operating. This characteristic is very 
important in automatic machine tool applications where heavy me- 
chanical loads are used. 


dc Stepping Motors. Direct current stepping motors are rotary actua- 
tors that are used in the control of automated manufacturing systems. 
Motors of this type are found in nearly all high-power servomechanisms. 
They are more efficient and develop significantly more torque than the 
synchronous servomotor. The stepping motor is used primarily to 
change electrical pulses into rotary motion that can be used to produce 
mechanical movement. 

The shaft of a dc stepping motor rotates a specific number of me- 
chanical degrees with each incoming pulse of electrical energy. The 
amount of rotary movement or angular displacement produced by each 
pulse can be repeated precisely with each succeeding pulse from the 
drive source. The resulting output of this device is used to accurately 
locate or position automatic process machinery. 

The velocity, distance, and direction of a specific piece of equip- 
ment can be moved or controlled by a dc stepping motor. The movement 
error of this device is generally less than 5 percent per step. Motors of 
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* To reverse direction, read chart up from botiom, 


Figure 8-14. Diagram of de stepping motor. (Courtesy ef Superior Electric Co.) 


this type are energized by a dc drive amplifier that is controlled by a 
computer system. 

The basic construction of a ас stepping motor is very similar to 
that of the ac synchronous motor. The stator construction and coil place- 
ment are the same as that of the synchronous motor layout shown in 
Figure 8-13. One manufacturer makes some servomotors that can be 
operated as either an ac synchronous motor or as a de stepping motor. 
The rotor is a permanent magnet on this machine. 

Figure 8-14 shows an electrical diagram of a «с stepping motor. 
The stator coils of this motor are wound by a special type of construction 
called bifilar. Two separate wires are wound into the coil slots at the 
same time. The two wires are smaller in size, which permits twice as 
many turns as with a larger-sized wire. Construction of this type sim- 
plifies the control circuitry and ас energy source requirements. 

Operation of the stepping motor of Figure 8-14 is achieved in a 
four-step switching sequence. Any of the four combinations of switches 
1 or 2 will produce an appropriate rotor position location. After the four 
switch combinations have been achieved, the switching cycle repeats 
itself. Each switching combination causes the motor to move one-fourth 
of a step. 

A rotor similar to the one shown in Figure 8-13 has 50 teeth. Using 
this rotor in the circuit of Figure 8-14 would permit four steps per tooth, 
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Figure 8-15. dc stepping motor. (Courtesy of Superior Electric Co.) 


or 200 steps per revolution. The amount of linear displacement, or step 
angle, of this motor is, therefore, determined by the number of teeth 
on the rotor and the switching sequence. 

A stepping motor that takes 200 steps to produce one revolution 
will move 360°/200, or 1.8? per step. It is not unusual for stepping motors 
to use eight switching combinations to achieve one step. In this case each 
switching combination could be used to produce 0.25% of linear dis- 
placement. Motors and switching circuits of this type permit a very 
precise type of controlled movement. Figure 8-15 shows a dc stepping 
motor, similar to those used with robotic systems in industry. 


Power Supplies for Industrial Robots 


The power supply of an industrial robot provides energy to operate the 
actuators of the system. There are three major types of power supplies: 
(1) electrical, (2) hydraulic, and (3) pneumatic. Electrical power supplies 
require less floor space and provide low-noise operation. Hydraulic 
power supplies may be used to move heavy objects and are faster and 
more accurate than electrical supplies. Pneumatic power supplies are 
used for light application and have good speed and accuracy. 


Actuators for Robotic Systems 


Most robotic systems use either electrical, hydraulic, or pneumatic ac- 
tuators. Electrically operated robotic systems are usually driven by dc 
stepping motors. These systems are not as powerful or as fast in op- 
erational speed as hydraulic units; however, they have better accuracy 
and repeatability and require less floor space. Hydraulic robotic systems 
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have fewer moving parts and are stronger and faster in operation. Pneu- 
matic actuators are ordinarily used for small, limited-sequence pick-and- 
place operations. 


Overload Protection 


The end effectors of industrial robots should have some type of protec- 
tion against overload conditions which may occur. Ordinarily, such pro- 
tection causes a feedback signal to the computer system to withdraw 
the manipulator before damage occurs. Methods used to provide “ргеак- 
away wrists” or rapid withdrawal of a manipulator include mechanical 
fuses, detents, and preloaded springs. Mechanical fuses are pins or tubes 
that break or buckle under extreme stress conditions. Defents are two 
or more elements which are held in position by spring-loaded detent 
mechanisms. They are caused to move from their original positions 
under excessive stress. Preloaded springs тау also be used to prevent 
overload conditions. They are placed in an end effector so that excess 
stress will cause the spring to release and the end effector will break 
away from the work area. These devices are desirable to use since thev 
will reset automatically when the overload is removed. Mechanical fuses 
are less desirable since they must be replaced, but they are not as ex- 
pensive as other overload protective devices. 


REVIEW QUESTIONS 
1. In what ways do industries use electrical energy? 
2. What are some methods of producing electrical energy? 
3. What are the basic parts of an electric motor? 
4. Whatis the relationship of load, speed, cemf, current, and torque 


in an electric motor? 

How is the horsepower of a motor determined? 
What are some types of dc motors? 

What are some types of single-phase ac motors? 


How is the speed of an ac induction motor determined? 


Panay 


What are some types of three-phase ac motors? 

10. What is a synchro system? 

11. What is a servo system? 

12. What is a dc stepping motor? 

13. What types of power supplies are used for industrial robots? 

14. What is the purpose of overload protection for industrial robots? 


Chapter 9 


NONINTELLIGENT 
CONTROLLERS 


There are more than 200 robot controllers on the market today which 
range in price from several hundred to several thousand dollars and in 
sophistication from a few relays to powerful minicomputers. Regardless 
of the cost or sophistication of a controller, its basic task is to position 
the end effector at the right place at the right time. Any controller must 
be able to "remember" and "recall" the sequence of steps needed to 
perform the task being supervised. The memory of the controller must 
be changeable to allow the robot to be reprogrammed for a new or altered 
task. 

In an earlier chapter robots were classified as nonintelligent, in- 
telligent, or highly intelligent. The intelligence of a robot depends largely 
on the capabilities of its controller and sensors, which can also be clas- 
sified as nonintelligent, intelligent, or highly intelligent. Differences 
among levels of intelligence lie in the areas of feedback, decision-making 
capabilities, and communication with other controllers. The advent of 
the microprocessor, an inexpensive yet powerful computer, has pro- 
duced a dramatic increase in the level of intelligence in recent years. 

Nonintelligent controllers are open-loop controllers. They do not 
accept feedback information from the robot about the current position 
and velocity of the end effector. Such a controller merely cycles the end 
effector through a sequence of preprogrammed steps without regard to 
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changes that occur in the system which might affect the actual position 
of the end effector. They merely play back the program they were taught. 
The actions of these controllers are based on the assumption that the 
end effector really is where it should theoretically be. Intelligent and 
highly intelligent controllers are closed-loop controllers. They accept 
position and velocity feedback from the robot and generate correction 
signals which position the end effector correctly despite any changes 
which have occurred. 

Nonintelligent and intelligent controllers have a limited capability 
to communicate with other controllers used in a manufacturing process. 
Highly intelligent controllers can accept information from vision, touch, 
and other external sense controllers about the current position of the 
end effector. Many assembly tasks are not feasible without such external 
teedback. Highly intelligent controllers can also exchange status infor- 
mation, program data, and commands with supervisors and coproces- 
sors in a computer-controlled manufacturing system. 

Nonintelligent controllers generally supervise hydraulic or pneu- 
matic pick-and-place robots which are operated by actuating valves to 
control the flow of fluid in the cylinders that make up the robot's arms 
and joints. When a valve is actuated, the cylinder extends or retracts 
until it hits a mechanical stop which is positioned along the cylinder by 
the robot user. Fluid valves may be operated mechanically by pressing 
and releasing a plunger or operated electrically by supplying power to 
a solenoid which opens and closes the valve. 


Rotating Drum Controllers 


In the early 1970s rotating mechanical drums were often used as con- 
trollers. Cams are placed on the surface of the drum and the valve plung- 
ers pressed and released as the drum rotates or the cams activate relays 
which in turn control the valves. А cam's size and position on the drum 
make up the controller's memory and determine when a particular valve 
will be opened and how long it will remain open. The rotational speed 
of the drum determines how quickly the task is performed. A rotating 
drum controller is programmed by the selection and arrangement of the 
cams on the drum and the setting of mechanical stops on the robot 
cylinders to control the travel of the arm. Once set up, a rotating drum 
controller may perform reliably over a long period of time. A drum 
controller does not have the ability to change the sequence of motions 
being controlled based on feedback about the current position of the 
end effector or the progress of the process in which the robot is partic- 


ipating. 
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Air Logic Controllers 


Air logic controllers were also used in the late sixties and early seventies 
on some robots. Air logic control involves physically positioning the 
mechanically operated valves at the end of a cylinder's desired travel 
so that when the cylinder reaches the desired position it actuates the 
next valve in the process. Air logic must be custom designed for each 
robot application and a program is not easily changed. Air logic con- 
trollers do not accept feedback or have the ability to communicate with 
other controllers. Since no electrical contacts are involved, air logic 
controllers were often used in explosive and corrosive environments. 


Relay Logic Controllers 


Electromechanical relays were also used as controllers in the sixties and 
seventies. A relay controller consists of a series of relays which activate 
solenoid-controlled fluid valves; as the relays are activated, the valves 
are opened and closed to move the arm. Relays in the controller are 
connected to limit switches mounted on the cylinders near the stops, 
to other relays in the controller, and to electric or pneumatic timers to 
contro] the sequencing and timing of valve actuation. The sequencing 
and timing of valve actuation is controlled by the circuit made of the 
interconnections of the relays, limit switches mounted on the cylinders, 
and electric timers. The robot's task is programmed by first producing 
a “ladder diagram" of the needed relay to limit the switch to the timer 
connections and then wiring the control circuit. The order of electrical 
connections between the components creates the memory in a relay 
controller. Relay controllers are more difficult to reprogram than drum 
controllers since each change in the program requires a wiring change 
between the switch, relay, and timer components. All of these com- 
ponents are susceptible to both mechanical and electrical wear and re- 
quire routine maintenance. Relay controllers were commonly used as 
industrial process controllers and their application to robotics was a nat- 
ural development. 

Rotating drum, air logic, and relay controllers are not being used 
in current controller design. Four factors led to their demise. First, the 
programs are not easily changed as details of the task being performed 
change. Second, these controllers cannot communicate with other con- 
trollers involved in the process or with supervisory controllers which 
may need to alter the current task. Third, these controllers are suscep- 
tible to mechanical and electrical wear and require routine maintenance. 
Fourth, and most important, less expensive electronic controllers have 
appeared which do not suffer from the first three problems. 
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Development of Computer Controllers 


In the mid-1960s integrated circuits (1С), or chips, were developed. An 
IC is the fabrication of a complete, multiple transistor circuit on a single 
silicon wafer. Early ICs held 25 or 30 transistors in a circuit about 8 mm. 
square. IC research and development efforts were intense in the area 
of computer logic circuits and the availability of digital ICs allowed the 
production of small, relatively inexpensive yet powerful minicomputers 
in the late 1960s. A relatively inexpensive minicomputer in that era cost 
about $50,000— not inexpensive enough to be competitive with drum, 
air, or relay controllers for the simple pick- -and-place robots available. 
Digital ICs, the components of the minis, were, however, quickly used 
in controllers. Like relay controllers digital IC controllers were hard- 
wired; the controller was programmed bv the wiring connections be- 
tween the many ICs used; and like relay controllers a program change 
required a change i in the wiring between the ICs. Generally, the same 
ladder diagram used for a relay controller was used for an IC controller. 
IC controllers were often used as direct replacements for relay control- 
lers. As such they offered the advantages of greater reliability, less main- 
tenance, and sometimes lower cost. They were not, however, program- 
mable computers. 

The number of transistors which could be placed on a chip con- 
tinued to increase throughout the early 1970s. Since a computer's power 
is roughly proportional to the number of transistors in its ICs, minicom- 
puters became smaller, more powerful, and less expensive in the early 
1970s. As a result of the decrease in price, minicomputers began to see 
limited use as robot controllers. In 1974 Intel introduced the first mi- 
croprocessor—the 8080—and the world of control would never again 
be the same. А microprocessor is the heart of a computer on a chip and, 
although crude by today's standards, the 8080 could be combined with 
two dozen other inexpensive ICs to form a small inexpensive computer 
system. In 1975 such a system typically cost less than $1000 and had 
very little power compared to a minicomputer but had much more power 
and flexibility than drum, air, and relay controllers. The late 1970s saw 
exponential growth in the power of microprocessors so that by the early 
1980s the system of 1975 could be fabricated on a single chip for less 
than $10. State-of-the-art microprocessors are more powerful than mini- 
computers were five years ago at a fraction of their cost. As the cost of 
the computer itself has decreased, so too has the cost of such essential 
peripherals as disk drives, terminals, and printers. The importance of 
the development of IC-based controllers cannot be understated. Ad- 
vancements in robotics have primarily been advancements in control- 
lers, and today practically all controllers are computer based. Inexpen- 
sive computer controllers make hierarchical control, vision, and touch 
economically feasible. 
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The computer offers tour advantages over other electrical and me- 
chanical controllers. First, a computer's program is stored as an electric 
or magnetic charge and can be changed without a mechanical adjust- 
ment. Changing the program involves changing the contents of a com- 
puter’s memory—not the physical memory unit itself. Down time for 
reprogramming is therefore much less than with the other types of con- 
trollers discussed. Second, a computer has the ability to make decisions 
based on feedback information and to change its program as the task is 
being performed. Use of the computer allows the process to be described 
mathematically and precisely changed as needed. Third, a computer has 
the ability to communicate with other controllers and to coordinate its 
efforts with other machines under the direction of a supervisor. Fourth, 
ICs are solid-state devices. All decisions about the timing and sequence 
of robot operations are made by the movement of electrons through 
silicon. Computers have no moving parts, so routine maintenance is 
minimal. 


Programmable Controllers 


One of the earliest applications of microcomputer technology to robot 
controllers was the programmable controller shown in Figure 9-1. A 
programmable controller (PC) is a computer-based emulator of relay 
logic. Programmable controllers were developed for use as replacements 
for relay logic process controllers. A ladder type diagram is developed 
that describes the sequence and timing of the robot. The user then pro- 
grams the PC through a detachable kevboard by specifying the sequence 
and duration of switch, relay, or solenoid valve closings to move the 
robot’s arms. Symbols for switches, relays, and timers appear on the 
keyboard along with the few commands that exist. Programming a PC 
is relatively simple and straightforward; the programmer does not need 
to know a computer language. A user with relay logic experience can 
learn to program a PC in just a few hours. The program is stored in 
solid-state memory and replayed each time the robot is operated. The 
program may be executed a single step at a time and can be easily edited 
from the keyboard with any changes being stored in memory. A pro- 
grammable controller also includes a standard interface that boosts its 
low power output to drive solenoids or relays and to protect it from the 
electrically noisy manufacturing environment. Most PCs are modular in 
design, and each has a logic unit and a backplane connector that can 
accept various combinations of input and output modules. The PC is 
configured to meet the I/O requirements of a particular robot. It is usually 
housed in a steel cabinet that may range in size from a breadbox to a 
filing cabinet. PCs are usuallv sold as complete systems; the user must 
supply only the connections to the robot and the program. 
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Figure 9-1. Programmable controller. (Photo taken at Robot 7 show.) 


The PC is a rather low-level microcomputer application. While 
some PCs include the capability to manipulate input information math- 
ematically or communicate with other controllers, these abilities are gen- 
erally unused in a pick-and-place robot. The computer is hidden from 
the user by a built-in program which makes the PC appear to be a relay 
logic controller. Although this program greatly eases the programming 
and editing tasks for users not familiar with traditional computer con- 
trollers, it limits the PC's ability to make decisions and communicate 
with other controllers. This trade-off is usually favorable since the pick- 
and-place robot being controlled does not have the ability to alter its 
movements on command from the controller; it must be phvsically re- 
programmed by moving the mechanical stops that limit the arm’s travel. 
Ease of creating and editing programs, high reliability, and relatively 
low cost have made PCs popular with users of nonintelligent robots. 
Several manufacturers market a variety of PCs. 


Single-Board Controllers 


Some general-purpose, single-board, control microcomputers are used 
as nonintelligent controllers. These controllers must usually be pro- 
grammed in the microprocessor's machine language, a difficult task at 
best. A few vendors are selling development packages for these con- 
trollers that can be run on popular desktop microcomputers. A devel- 
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opment system is a special program and circuit board that allows the 
user to specify the control task in terms of a relay logic ladder diagram. 
The development system then generates the machine language program 
needed by the single- -board controller and stores it in a memory chip 
which can then be plugged into the controller. The advantage of the 
single-board controller is its verv low price, typically under $500. The 
disadvantage of a single-board controller is that the user must have the 
expertise to specifv and assemble a control system from board level 
components including the controller board and any interface boards that 
are needed to drive the relays or solenoids as well as the power supply, 
backplane connector, and cabinet. 


REVIEW QUESTIONS 


1. List the major differences between mechanical and electronic con- 
trollers. 


2. Explain why nonintelligent controllers are appropriate for use with 
pick-and-place robots. 


3. Explain the operation and programming of a rotating drum con- 
troller. 


4. Explain the operation and programming of a relay logic controller. 

5. Discuss the impact of integrated circuits on the sophistication level 
of robot controllers. 

6. Listtwo advantages of a programmable controller over a relay logic 
controller. 

7. Explain the operation and programming of à programmable con- 
troller. 

8. Discuss the advantages and disadvantages of a single-board con- 
troller. 
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Chapter 10 


COMPUTERS IN CONTROL 


Just as the development of the IC brought about the end of drum and 
relay controllers, the development of the microprocessor will lead to the 
end of nonintelligent controllers. Today the cost of a relatively sophis- 
ticated single-board computer is lower than the cost of a digital IC con- 
troller and lower than the cost of most programmable controllers. Even 
the least intelligent pick-and-place robots will have computer control- 
lers, simply because they are less expensive than other types of con- 
trollers. This chapter will examine the components of the computer as 
it is used in robot controllers. 


Computer Diagram 


Figure 10-1 shows the block diagram of a typical computer system. The 
center block, the microprocessor unit (MPU), is what usually comes to 
mind when a computer is mentioned. The MPU consists of one or per- 
haps a few ICs and is capable of performing a well-defined set of rather 
simple tasks on data. This set of tasks is called the processor's instruction 
set. Instructions may be given to the MPU in many forms, or languages, 
but it is important to understand that the MPU can do only one thing: 
execute instructions. The computer user must, then, produce or buy a 
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Figure 10-1. Computer system. 


program that lists those instructions needed to perform the desired sys- 
tem task in the order of their performance. Although the instructions 
tend to be relatively simple operations, the MPU can execute a single 
instruction in a few millionths of a second. To take advantage of this 
speed, a program is stored in IC memory chips. When a program is 
executed, the MPU fetches each instruction in turn from the memory. 
Memory ICs can respond to the MPU's rapid demands for instructions 
without slowing its execution rate. The system is programmed and re- 
ceives data through an input section. The MPU transmits commands 
and data to the outside world through the output section. Input and 
output (1/0) units include ICs and other electrical contro! components. 
АП of the blocks in Figure 10-1 and the components in the blocks аге 
collectively called hardware. The program that includes the sequence 
of instructions needed to control the robot is called software. А com- 
puter's hardware is software driven; that is, unless there is a program 
or software routine in memory for each task required of the computer, 
the hardware will not function. 

The general-purpose computer is shown in Figure 10-2 as a robot 
controller. The input devices that feed а computer controller may include 
position sensors located on the arm, other controllers involved in the 
operation, and the programming terminal. Output devices may include 
arm position and velocity controllers, other process controllers involved 
in the process, and the programming terminal. Memory includes devices 
for storage of both the control program and data about the current po- 
sition and velocity of the arm and any other information pertinent to 
control of the arm. 


Both minicomputers and microcomputers are commonly used as con- 
trollers today. It used to be easy to distinguish between minis and mi- 
cros. Minis were organized around l6-bit binary words while micros 
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Figure 10-2. Computer controller. 


were organized around 8-bit binary words. Minis were faster, had more 
powerful instruction sets, and cost about ten times more than micros. 
Today's micros have grown to use 16-bit words and more powerful in- 
struction sets, but minis now use 32-bit words and even more powerful 
instruction sets. Minis are still more expensive than micros. Micros have 
generally replaced minis in intelligent controllers and are being seen 
more frequently in very intelligent controllers. Minis will still be found 
in very intelligent controllers and in older-design intelligent controllers. 
The task performed by either type of MPU is the same, to fetch instruc- 
tions from memory and to execute them. Both types of MPUs perform 
this task in the same manner; differences are generally in the speed at 
which an instruction is executed, the sophistication of the instructions 
used, the amount of memory that can be directly accessed, and the cost. 

The most widely used minicomputer is Digital Equipment Cor- 
poration's PDP 11. First introduced in the early 1970s, the PDP 11 was 
the choice of controller designers throughout the decade. The PDP 11 
is a powerful, general-purpose 16-bit computer that has been well sup- 
ported by DEC and many other manufacturers with a wide variety of 
hardware and software. The PDP 11 is available in configurations that 
range from a single-board LSI 11 MPU to complete assembled systems 
including memory and I/O. These systems range in capability from the 
low end of the minicomputer spectrum, which can easily be replaced 
by a microcomputer, to the high end, which rival small mainframes in 
power. The price of a PDP 11 system has continually fallen because DEC 
has implemented it in new generations of IC fabrication technology. The 
result today is a physically smaller machine that has fewer ICs. The PDP 
11 and newer VAX are presently being used in some intelligent and 
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many very intelligent controller designs. Other minicomputers are used 
as controllers, but none rivals the popularitv of the PDP 11. 

Although there is not a single dominant microcomputer currently 
being used in controllers, Motorola's 68000 and Intel's 8086 16-bit and 
Zilog's Z80 8-bit microprocessors have been popular with designers be- 
cause of their great power and low price. The 16-bit systems are widely 
used in both intelligent and very intelligent controllers; the 8-bit systems 
are more common in intelligent controllers. While most minicomputers 
used today are off-the-shelf general-purpose computers, most micro- 
computers are custom-designed units that are more likely to be a col- 
lection of off-the-shelf circuit boards which have been assembled into a 
system. Often, a system designer will use boards that are plug com- 
patible with a popular connector or "bus" standard. Such systems аге 
then advertised as being compatible with that bus. The Multibus, the 
Versabus, the VME, and the $100 are popular microcomputer connector 
buses. Systems can be configured using the 68000 or 8086 microproces- 
sors, which rival the power of small- to medium-sized minicomputers at 
lower prices. Although either of these chips can be purchased for less 
than $100, it must be surrounded and supported by several other chips. 
Therefore, final system cost may range from several hundred to several 
thousand dollars depending on the power of the system. Because of 
their recent introduction there are not as many system development 
tools available for the 16-bit machines as for a typical minicomputer, but 
the microprocessor manufacturers and third-party software houses are 
quickly filling the void. Microcomputers are now widely used in intel- 
ligent controllers and are appearing in very intelligent controllers. This 
trend will no doubt accelerate as the 32-bit word microprocessors are 
brought to market. It appears that the micro will replace the mini in all 
but the most intelligent controllers and that minis will become super- 
visors of micro-based controllers in automated manufacturing systems. 


The program used by the MPU to direct the robot’s movements and the 
positional data used by the program are stored in the computer’s mem- 
ory. А computer's memory can be classified as either on or off line. On- 
line memory is that shown in the block diagram of Figure 10-2. On-line 
memory is directly connected to the processor which has immediate 
access to its contents. Off-line memory is not connected directly to the 
MPU; instead it is connected to the system’s on-line memory. Infor- 
mation stored in off-line memory must be transferred into on-line mem- 
ory before the processor can access it. 

On-line memory is generally IC memory. IC memory can be clas- 
sified as random-access memory (RAM) or read-only memory (ROM). 


Computer Diagram 


RAM stores programs or data as electronic charges within the silicon 
semiconductor material which makes up the IC. The contents of RAM 
can be readily changed Бу the MPU, so it is used to store the current 
position of the arm or a different sequence of motions for the arm which 
have been entered by a supervisory computer or the operator. The stor- 
age capacity of RAM has increased dramatically in the last ten vears so 
that a circuit which contains eight IC RAMs can store 256,000, or 256K, 
characters. Other popular RAMs have capacities of 64K, 16K, 2K, and 
ІК. The particular RAM chosen depends on the overall intelligence of 
the controller in which it is used; generally the smarter the controller, 
the more memory it needs. The primary disadvantage of RAM is its 
need for constant power. Without power RAM loses its contents; it for- 
gets the information it was storing. Some controller manufacturers over- 
come this problem by maintaining power to the RAM circuits at all times. 
Others include rechargeable batteries which automatically power the 
RAM when main power is interrupted. The danger of losing power to 
RAM is the loss of program or positional data which must be reloaded. 
Reloading a program or database into RAM means down time for the 
system. If the lost program was an edited version of the existing copv, 
the down time needed to tweek the program back to the previous per- 
formance levels may extend the down time. The need to quickly make 
copies of programs as they are edited, to reload programs when they 
are lost, or to load a new program or database is filled by off-line storage 
devices. 

Two types of devices represent solutions to the power problems 
of RAM. ROM is IC memory that doesn't forget when power is removed. 
A ROM chip can be removed from a circuit, placed on a shelf for vears, 
then placed back into a circuit without losing its contents. ROM chips 
have storage capacities equal to those of RAM. The disadvantage of ROM 
is that its contents are not easily changed. Information is programmed 
into the circuitry of a ROM chip when it is manufactured and it can 
never be changed. A change in program means discarding the old ROM 
and replacing it with a new one which contains the desired changes. 
The special tooling required to program ROM is quite expensive and 
forces ROMs to be used only in those applications when the cost can 
be spread over thousands of devices. A special type of ROM called an 
EPROM can be programmed by the user and is much less expensive in 
small quantities than ROM. An EPROM can also be erased and repro- 
grammed but not while in the controller circuit. It must be removed 
from the circuit, erased with ultraviolet light, reprogrammed in a special 
EPROM programmer, and then finally put back into the controller cir- 
cuit. EPROM programmers cost about $2000 and can program an 
EPROM in a few minutes. Electrically erasable ROMs (EEPROMs or 
EAROMs) have been introduced and are being used in some control- 
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lers. These devices do not require ultraviolet light for erasure so may 
be reprogrammed in-circuit. EEPROMs аге more expensive than 
EPROMS but less expensive than ROMs. ROMs and EPROMs are used 
to store information that doesn't change. Svstem software that supports 
the execution of the user's robot control program is stored in ROM. A 
robot program that will be used for a long period of time without change 
may be stored in EPROM. These programs are usually developed re- 
motely where an EPROM is burned or programmed. The new program 
in EPROM is then installed in the controller by a technician who replaces 
the old EPROM which may be reused with the next program change. 
Few controllers include EPROM programmers. 

A recent alternative to RAM and ROM is magnetic bubble memory. 
Bubble memory consists of a thin layer of magnetic material in which 
small magnetic domains or bubbles may be induced. Data is stored in 
patterns of bubbles created in long chains within the material. The MPU 
can readily change the data stored by the bubbles. Since the magnetic 
bubbles remain when power is removed, constant power is not needed 
to retain the contents of memory. Bubble memory offers the advantages 
of both RAM, which is changeable, and of ROM, which does not need 
constant power. Bubble memory is usually packaged in IC-like packages 
and can typically store 256K characters. There are two disadvantages to 
using bubble memory. Bubble memory requires a few special data man- 
ager chips to support its communications with the MPU, which may slow 
the MPU's execution rate. The other disadvantage of bubble memory is 
its high cost relative to semiconductor memory. Presently some man- 
ufacturers are using bubble memory in controllers, and as its price de- 
creases it will be used more frequently. 

Off-line memory is either magnetic tape or magnetic disks. The 
magnetic tape systems generally use standard cassettes in slightly mod- 
ified cassette decks. These systems convert the binary data used by the 
MPU into audio tones which are stored on the tape. Cassette tape sys- 
tems transfer data to or from on-line memory very slowly compared to 
the rate of transfer between the MPU and on-line memory. The tape 
decks used do not have special transport controls so that access to the 
programs and data stored on a tape is sequential. That is, the deck must 
read past all of the data or programs stored on the tape in front of the 
desired data before it can read the data desired. Sequential access is very 
slow. Cassette systems are only used to hold back-up or archival copies 
of the programs and databases used Ву a controller. The programs are 
transferred into and used from RAM and are only loaded from tape 
when they are lost due to a power outage or when the robot is given a 
new task. The cassette deck is an option in many systems and is plugged 
into the controller only when needed. The primary advantage of using 
tape for off-line storage is its low cost. A cassette deck may cost as little 
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as $100. In systems that do not require frequent loading of new pro- 
grams, the slow data transfer rate is offset by the cost. 

Magnetic disks, often called floppy disks, store data as magnetic 
patterns on a thin flexible disk which has been coated with magnetic 
particles. Although disks are available in sizes of 8, 54, and 3i in. in 
diameter, currently the 5i-in. disks are the most widely used. A disk is 
encased in a square rigid envelope to protect its magnetic coating from 
dust and dirt. Intormation is read from and written to the disk by a disk 
drive. A drive includes a read-write head that contacts the magnetic 
surface of the disk through an oval slot in the envelope, a drive motor 
that spins the disk, and an electronic controller that controls the drive 
motor and the head-positioning stepper motor. A special program called 
the disk operating system (DOS) is executed by the processor to su- 
pervise the writing and reading of information to and from the disk. 
The DOS, which is generally invisible to the user, maintains a directory 
on each disk which includes the name and location of each file. Some 
systems store the DOS in ROM while others store it on a disk and load, 
or boot, it into RAM when the system is powered up. The disk occupies 
the same position in a system as a cassette— data stored on a disk cannot 
be directly used by the MPU but must first be loaded into RAM. The 
storage capacity of a disk depends on the drive mechanics and electronic 
controller circuitry used and may range from 85K characters for a single- 
density 5i-in. drive to 180K characters for a double-density 51-in. drive. 
Single-sided drives store information on only one side of a disk while 
double-sided drives have two read-write heads and store information 
on both sides of a disk. A double-sided, double-density drive may have 
a capacity of 360K characters. 

The disk offers two great advantages over the cassette as an off- 
line storage device. First, the programs and databases stored on a disk 
can be accessed at random. The controller electronics, under direction 
of the DOS, can position the read-write head over any file on the disk 
within less than 20 msec. Search time is, therefore, minute compared 
with that of a cassette drive, which must read past all preceding infor- 
mation on a cassette before it can read from or write to the desired file. 
The rate of data transfer to and from RAM is much greater for a disk 
than for a cassette. A program or database can be loaded into RAM 10 
to 100 times faster from disk than from cassette. Because they provide 
nearly instant access to programs and data, disks contribute to the in- 
telligence of a controller. Disk-based intelligent controllers can direct the 
robot to perform complex tasks which require databases too large to 
reside in RAM. Data is transferred from the disk into RAM in sections 
as it is needed with the disk running sporadically throughout the pro- 
gram. 

Winchester and the microfloppy disk drives are beginning to see 
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use in very intelligent controllers that may require access to millions of 
data points. The Winchester disk packs the data much closer together 
on a rigid disk, enabling a 51-in. disk to hold more than 20 million char- 
acters. Winchester drives are available with removable disks which cost 
about $60. These drives are highly sensitive to dust particles and al- 
though they include air filtration systems, air quality problems тау exist 
when used in controllers located on the shop floor. Winchester drives 
are more expensive than floppy drives, but the price differential is nar- 
rowing rapidly. The 3i-in. drive, commonly referred to as a microfloppy, 
uses a diskette housed in a hard plastic case which can be carried in a 
shirt or jacket pocket. A microfloppy has a 500K storage capacity and 
two microfloppy drives can be placed in the space of a single 51-іп. drive. 
Widespread use of the microfloppy has been hampered by the lack of 
industry standards, and several noncompatible versions of the micro- 
floppy are being marketed. 

Since the МРИ in the controller is directed by the program stored 
in memory, the amount of memory available in a controller is a measure 
of its intelligence. The trend to more memory in less space at lower cost 
has contributed greatly to the increased intelligence of controllers. It 
appears that this trend will continue and memory improvements will 
keep pace with improvements in the MPUs. 


The MPU and memory components ot a controller do not work in an 
information vacuum. The program and database must be fed to the 
controller before it can perform the desired task. Information about the 
current position and speed of the end effector and other external con- 
ditions is supplied to the controller by sensors on the arm and end 
effector. Information that will direct the movement of the arm and the 
end effector is constantly generated by the controller for use by the 
electromechanical components of the arm. Information gathered for use 
by the controller is referred to as input data. Information generated by 
the controller for use by the electromechanical system to position the 
arm is referred to as output data. Collectively, input and output data 
are referred to as /О. 

Input data enters the controller svstem through an input port, and 
output data leaves the controller system through ап output port. An 
input or an output port is an IC that connects the MPU to sensors and 
electromechanical movers on the arm. The MPU views an J/O port in 
much the same way it views a memory device; an input operation is 
much like a memory read and an output operation is much like a memory 
write. Each MPU family includes several MPU-compatible I/O parts. 
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The connection of external devices to the controller is not as 
straightforward as it may seem. The MPU, memory, and I/O ports in 
the controller require a regulated +5-V dc power supply and have little 
tolerance for electrical noise or voltages greater than +5 V. The sole- 
noids, valves, steppers, and servos commonly found in the robot arm 
may require from +12 V dc to 120 V ac. Connecting a powered 120-V 
ac valve directly to a +5-V dc output port on the controller would result 
in the immediate and absolute destruction of the output port and most 
of the rest of the controller. An interface circuit must be placed between 
the delicate low-voltage, low-current controller and the high-voltage, 
high-current arm components to protect the controller from the outside 
world. Interface circuits are generally used with both input and output 
ports. 

An output interface performs two basic tasks: It allows the low- 
level signals generated by the controller to control the high-power sig- 
nals needed by the arm movers and it electrically isolates the delicate 
controller from the high-power world of the arm movers. Traditionally, 
electromechanical relays and transistors have been used to interface cir- 
cuits, but today solid-state relays are more commonly used. A solid- 
state relay includes a light-emitting diode and an optotransistor to pro- 
vide the required electrical isolation and either an SCR or a TRIAC to 
perform the power level conversion. The SCR and TRIAC are high- 
power solid-state switches which are controlled by low-level signals. A 
solid-state relay connects the low-level output of the controller to the 
SCR through the LED-optotransistor link. These interfaces offer the no 
moving parts and/or electrical arcing advantages usually found in solid- 
state devices. Thev may be packaged in a de facto standard case with 
easy-access connection terminals. A typical output interface is shown 


in Figure 10-3. 
Ce 


Figure 10-3. Output interface. 
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An input interface performs the same functions as an output in- 
terface. Input devices provide information about the position and ve- 
locity of the arm and end effector. Positional information can be pro- 
duced by simple on-off mechanical, magnetic, or optical limit switches, 
which can easily provide both the isolation and controller-compatible 
voltage levels required. Resolvers are available in controller-compatible 
and -incompatible versions. Tactile and temperature sense inputs are 
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Figure 10-4. Input interface. 


generally developed by transducers which produce an analog signal that 
varies with the energy it is measuring. The analog signal is not com- 
patible with the controller, which uses data in digital, or binary, form. 
The analog output of a transducer is fed to an op-amp which boosts its 
analog level. The signal is then passed to an analog-to-digital (A/D) 
converter chip. The output of the A/D converter is controller compatible 
and the digital output of the A D converter is either connected to an 
input port or serves as an input port. A typical analog input channel is 
shown in Figure 10-4. 

The input of program and database information is generally sim- 
pler than control l/O with the arm. RS-232 is a well-established hardware 
communications standard for the transfer of data between computers, 
programming terminals, and peripherals. Most currently available vi- 
sion systems communicate with the controller via an RS-232 link. RS- 
232 specifies digital bit-by-bit serial communications using voltage levels 
between =5 and *25 V on a standard mechanical connector. Such a 
standard lends itself to telephone line compatibility, allowing the con- 
troller program to be developed on a remote computer system and 
then transferred into the controller via a phone line. К5-232 is only a 
hardware standard and does not include the format of data that are 
transferred. This means that two RS-232-compatible devices may not be 
able to communicate because thev use different data codes or format. 
Within a single company’s product line, however, RS-232 compatibility 
generally implies communications compatibility. 

Both power control and communications interface circuits are com- 
monly assembled into board level system components that simply plug 
into the controller. Additional I/O interface channels can be added to 
the controller bv plugging in more interface boards. 


Environmental Considerations 


Computer-based controllers are physically smaller, lighter, more relia- 
ble, and more flexible than their electromechanical counterparts. They 
are, however, more sensitive to their physical surroundings. Robots are 
often used to perform tasks in surroundings that present a health hazard 
to human workers. These surroundings may also be hazardous to a 
controller's health. Extremely high temperatures shorten the life of ICs. 
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Heat-holding blankets of dust can cover ICs and shorten their lite ex- 
pectancy. Small amounts of dust can scratch and ruin both a magnetic 
disk and the delicate read-write head within the disk drive. Corrosive 
fumes or gases can corrode and destroy electric connections between 
components within a controller. Moderate levels of nuclear radiation 
can alter the contents of memory and MPU ICs. Power surges that are 
common in most manufacturing settings can instantly destroy all con- 
troller components. These conditions do not prevent the placement of 
a controller on the shop floor but do dictate their consideration when 
installing the controller. Placement of the controller enclosure, internal 
ventilation fans, air filters, dust-free enclosures, power line filters, and 
other devices can be used to alleviate environmental problems when 
proper planning occurs before installation. 


Controller Maintenance 


Because the MPU, memory, and I/O components used іп computer- 
based controllers are commonly found in many other computer appli- 
cations, routine computer maintenance and repair procedures can be 
used. The electronic technician who maintains NC (numerical control) 
and CNC (computer numerical control) machines and computer mon- 
itoring or control equipment possesses the skills needed to maintain a 
computer controller. To aid the technician, some controller manufac- 
turers include diagnostic routines within the operating system software. 
These routines sequentially test the system and help locate and identify 
faults. 


Controller Standards 


Controller standards do not exist within the robot industry. Some con- 
troller vendors custom build or buy custom-built controller hardware 
which uses proprietary signal and connector definitions. Other con- 
troller vendors assemble their controllers with off-the-shelf board-level 
components purchased generally from one of the microprocessor chip 
manufacturers. Although these controllers are compatible with the mi- 
crocomputer bus used by the board manufacturer, there are at least half 
a dozen popular and mutually incompatible microcomputer buses. Com- 
pounding the problem is the wide variety of electrical control signals 
and connectors required by different robots which have the same 
capabilities. 

The total lack of controller and robot control standards within the 
industry has resulted in the marriage of a company’s robot to its own 
controller. The vast majority of robots are purchased in a robot-controller 
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package and many intelligent robots include the controller as an integral 
part of the robot system. The chaining of a robot to a specific controller 
is both good and bad. Many first-time users want to invest as little money 
as possible in their first robot, which often serves as a test of the ap- 
plicabilitv of the robot in their work situation. The complete turnkey 
system is often the least expensive way to implement a first robot. When 
a company develops the expertise to specify the components of a robot 
system, the marriage of robot to controller may hinder the implemen- 
tation of the most efficient or least expensive system. Controller stan- 

dards will appear as the industry matures. With controller standards 
will come the divorce of the robot-controller package and the availability 
of a wide range of off-the-shelf standard controllers. 

Perhaps the greatest advance in robotics has been the transition 
from electromechanical to computer controller. Programmability, adapt- 
ability, and the development of touch and sight are all possible with the 
computer. Computers have gotten smarter, smaller, and cheaper and 
will continue to do so. 


REVIEW QUESTIONS 


Sketch the block diagram of a computer used as a robot controller. 
Explain the role of hardware and software in a controller. 
Name the minicomputer most often used as a robot controller. 


fe Nn 


What type of memory is used to store operating system software? 
Why? 

What type of memory is used to store position and velocity infor- 
mation in the robot? Why? 


m 


What is the function of an I/O interface? 
What is RS-232? 


Discuss the lack of controller standards and its effects on the robot 
industry. 


uo 


Chapter 11 


INTELLIGENT CONTROLLERS 


An intelligent controller has the same function as a nonintelligent con- 
troller: It directs the motion of the arm and manipulator in time and 
space by following a sequence of commands stored in its memory. The 
intelligent controller is smarter than its nonintelligent cousin because it 
is a closed-loop controller. It has the ability to accept feedback infor- 
mation gathered by sensors about the actual position of the arm and 
manipulator. The intelligent controller uses the feedback information to 
generate correction signals which will compensate for errors in the me- 
chanics of the robot and place the manipulator where it is needed. Cor- 
rection signals based on feedback are automatically generated by system 
software and are generally invisible to the user, who does not have to 
develop signal correction routines. Although the intelligent controller 
is computer based, sophisticated operating system software allows the 
controller to be programmed by operators who have not previously used 
a computer. The sophistication of control provided by intelligent con- 
trollers ranges from slightly better than a relay controller to nearlv as 
good as could be provided by a general-purpose computer. 


Prograniming Intelligent Controllers 


The intelligent controller typically uses an 8- or 16-bit microprocessor, 
although most older units used minicomputers. The amount of RAM 
varies from less than 4K to more than 128K depending on the capabil- 
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ities. The extensive operating system software that supports program- 
ming is stored in ROM and, in some controllers, on cassette and disk. 
Some intelligent controllers are disk based but most use a cassette deck 
for long-term program storage. АП controllers have needed I/O to input 
feedback and output control signals to the robot. Most also have the 
ability to input intormation from and send control signals to associated 
equipment. 

The intelligent controller offers many of the advantages of a com- 
puter without requiring computer programming skills. An intelligent 
controller is programmed by placing it in the program mode and then 
moving the manipulator through the steps to be repeated using either 
a teach handle or a teach pendant. Operating system software auto- 
matically samples each axis and records in memory positional infor- 
mation that will be recalled during execution of the program. The user 
may be able to choose between continuous sampling of the axes for 
continous-path operation or specified point sampling of the axes for 
point-to-point operation. The programmer does not need to know about 
computers or have previous experience with traditional programming 
languages. A craftsman can easily teach the robot highly skilled tasks. 
The ease of programming has made the intelligent controller today’s 
most widely used control system. 

The simplicity of programming a controller by manually directing 
it through the desired motions is produced Бу the execution of pro- 
gramming routines that are part of the operating system stored in ROM 
within the controller. The user does not program the computer in the 
traditional sense of choosing from a broad set of executable instructions; 
he/she only provides data which is used bv the existing programming 
routines. The sophistication of these programming routines determines 
the ease and flexibility of programming the controller. There are no 
standards for these routines and they vary greatly in name, form, and 
level of sophistication. 

Intelligent controllers have three major modes of operation: man- 
ual, program, and automatic. The names of these modes are not stand- 
ardized and thev are referred to by different names by the various con- 
troller manufacturers. This also applies to the specific operations within 
each mode and even to the number of modes offered on a controller. 
Some controllers have half a dozen modes which encompass the activ- 
ities included in the three modes discussed here. The manual mode 
allows the operator to directly move the arm and manipulator via a 
pendant or console. The operator has complete control over the arm 
without respect to an existing program. A new program is not created 
nor is an existing program altered while in the manual mode. The pro- 
gram mode allows the entry of new programs and the editing of existing 
programs. In the program entry mode the controller automatically col- 
lects data for a program by regularlv sampling and storing in RAM the 
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movements of the arm or specified points along the desired path of 
movement. In the program edit mode the user can edit a program just 
created in the program entry mode or a program which has been loaded 
from tape or disk into RAM. Editing involves changing existing move- 
ments, deleting existing movements, or adding new movements. The 
controller can be directed to execute the program one movement at a 
time, a technique called single stepping. The user can edit any or all 
steps as they are executed. Some controllers allow the insertion of break- 
points in the edit mode. A breakpoint is a system instruction that is 
inserted between two program steps. When the controller encounters 
a breakpoint instruction, it stops executing the user's program and re- 
turns to the program edit mode. Breakpoints can be useful in editing 
tasks that require intricate movements in relation to the workpiece or 
work place. The edit mode is used when changes in the parameters of 
the task require changes in the program. A program mav also be edited 
to tweek it up for higher efficiency. After a program has been entered 
or edited, the user is given the option of saving the new program on 
tape or disk. Prudent programming practice dictates that a copy of the 
program created or edited be saved before it is run in the automatic 
mode. Saving a program when it is created takes much less time than 
re-entering it if the system crashes during automatic execution. When 
a program has been edited to an acceptable level of performance, the 
previous versions may then be erased. Many controllers allow programs 
to be named and several named programs to be coresident in memory. 
A particular program can then be executed by calling its name. In the 
automatic mode the controller executes an existing program at normal 
speed with the option to automatically repeat it. Part of the operating 
system software that is executed during the automatic mode accepts 
positional information from each joint on the manipulator. This feedback 
information is compared to the theoretical positional information and 
correction factors are calculated. These factors are included by the con- 
troller when it generates the signals sent to the actuators on the arm. 
The arm's actual position is held as close as possible to the desired 
position by the inclusion of the feedback information. This closed-loop 
control is automatic and totally invisible to the user. Nothing is done 
during programming to ensure inclusion of the closed-loop correction 
routines. They are an integral part of the system software which is ex- 
ecuted when a program is executed in the automatic mode. 


Walk-Through Controllers 


The walk-through controller is programmed by attaching a teach handle 
to the arm, near the manipulator, and physically moving the robot arm 
through the desired motions. The arm is counterbalanced during pro- 
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Figure 11-1. Walk-through controller. (Photo taken at Robot 7 show.) 


gramming, which allows the programmer to move the arm with very 
little effort. The teach handle has one or more buttons which the pro- 
grammer uses to actuate the manipulator, to start and stop a paint sprav 
or welding tip, and to enter points during PTP programming. In the 
programming mode a walk-through controller automatically samples the 
axes and stores robot, or cartesian, coordinates of the desired points in 
RAM. А walk-through system is shown in Figure 11-1. Walk-through 
controllers may allow either CP or PTP sampling depending on the na- 
ture ot the task performed. Some controllers allow CP and PTP sampling 
to be mixed in the same program to maximize efficiency and precision. 
When the programming has been completed, the teach handle is re- 
moved for automatic execution of the program created. 

CP sampling is more desirable for such tasks as sprav painting, in 
which the path taken is critical to performance of the task. A walk- 
through CP controller can be easily programmed by a skilled painter 
who has the needed painting skills but lacks computer experience. An 
intelligent controller usually allows the user to select the sampling rate 
during CP operation. The rate selected depends on the resolution of 
movements demanded by the task specifications and the amount of 
memory available. The greater the sampling rate, the more RAM required 
to perform a task. Most intelligent controllers come equipped with less 
than the maximum possible amount of RAM but provide for the addition 
of RAM as an option. The maximum amount of RAM in an intelligent 
controller may range trom 16K to 256K. Operating system software in 
some disk-based intelligent controllers supports high sampling rates for 
long tasks bv dividing the program data into blocks or files that will fit 
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into the system’s RAM. During execution, the blocks are read from the 
disk into RAM as they are needed. Controllers without a disk are limited 
during CP operation Ву the size of the system's RAM. 


Lead-Through Controllers 


The lead-through controller is more common than the walk-through 
controller. Programming a lead-through unit involves use of a teach 
pendant which is attached to the controller. A teach pendant or teach 
box is shown in Figure 11-2. The pendant consists of a kevpad and 
indicators housed in a case with a cable that connects it to the controller. 
The programmer guides the arm and end effector through the desired 
motions by pressing kevs on the pendant. A pendant keypad includes 
kevs that allow the user to control each joint on the arm and the end 
effector individually. The user can specify which joints on the arm are 
to be moved and the direction of movement for each. The velocity of 
movement is also user selectable. Start and stop kevs allow the user to 
move the arm after the axes involved have been identified. Programming 
is usually performed at a relatively low speed to allow the programmer 
maximum reaction time in controlling the movement of the arm. To 
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Figure 11-2. Teach pendant. (Courtesy of Yaskawa Corp.) 
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begin a program, the user moves the arm to a predefined home or ref- 
erence position or the programmer places the arm at a desired position 
and defines it as the home position. The arm is then moved through 
the desired path and programmed using the point-to-point technique. 
At each position or point in space the user wants the arm to pass through, 
the user presses a "point enter" Key on the pendant and the axes' po- 
sitional information for that point is automatically collected by the con- 
troller. Operating system software converts the information into robot, 
or cartesian, coordinates which describe that position in space. The co- 
ordinates are then stored in memory. Programming is easy and although 
a first-time programmer tends to omit some needed points, the tech- 
nique is quickly mastered. The program consists, then, of a series of 
points for which the controller has collected positional data. During 
automatic execution the controller moves the arm sequentially from 
point to point in a straight line. Some controllers allow the programmer 
to specify arcs as the paths between points. The teach pendant includes 
keys that allow a program to be single-step executed for editing. Points 
can be inserted, deleted, or changed. The programmer may be able to 
specify setpoints for more efficient editing. The number of points that 
may be included in a program varies with the amount of RAM in the 
controller. A PTP program requires far less memory than a CP program 
for the same task since each point along the path of movement is not 
stored in memory during PTP programming. PTP programming is es- 
pecially suitable for palletizing and other materials handling tasks. 

А few controllers are equipped with pendants which include а 
joystick to control movement of the arm. These controllers can be pro- 
grammed using either РТР or CP sampling. The joystick gives the pro- 
grammer walk-through-like control while being able to view the entire 
arm and surrounding equipment. 


Enhanced Capabilities 


Controllers at the upper end of the intelligence range include additional 
programming capabilities. These allow the controller to make decisions 
based on external events, to control external events, and to allow more 
efficient programming of repetitive tasks. Most of these controllers in- 
clude a pause instruction which causes the program to be halted for a 
specified period of time. After the specified time has elapsed, the pro- 
gram is continued. 

Decision making is performed via instructions that are included in 
the program between entered position points. These instructions may 
be entered through the pendant on some controllers while they must 
be entered through the controller console on others. These instructions 
generally examine one or more external inputs, and based on their con- 
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ditions, continue execution, alter the sequence of execution, or halt ex- 
ecution. The inputs are numbered and are referred to by their assigned 
number in the decision-making instruction. The information available 
at these inputs is typically provided by limit switches attached to equip- 
ment which surrounds the robot. A stationary spray-painting robot po- 
sitioned along a moving line would be programmed to wait until the 
workpiece has reached a specified location before it begins the spraying 
operation. This decision can be specified by including a decision-making 
instruction at the beginning of the program. The instruction would ex- 
amine an input which is connected to a limit switch located along the 
moving line and is tripped by the moving workpiece. The user can gen- 
erally specify one of three kinds of actions to be taken after a condition 
is examined. The instruction can simply halt execution of the program 
and wait until the specified condition is in the desired state before re- 
suming execution. The instruction can halt execution of the program 
and wait a specified period of time, after which execution is resumed. 
The instruction can continue normal execution of the program or jump 
ahead in the program, skipping the points jumped. The jumping or 
branching capability gives the controller the flexibility to automatically 
adjust for use of different workpieces with a single program. 

Another powerful group of instructions enables the system to con- 
trol external events. These output instructions send a signal to a spec- 
ified output device. External output devices, like external input devices, 
are referred to by number. An output may be interfaced to surrounding 
equipment through solid-state relays or to other process controllers. An 
output instruction sends the specified output device a signal which will 
place it in a specified on or off state, toggle it to the opposite state, or 
pulse it on or off. The output instructions are included in a program 
between entered position points. A robot loading and unloading a press 
might be programmed to output a signal to start the press after a blank 
has been loaded. The controller would then monitor an input line con- 
nected to and used by the press to indicate completion of the operation 
and availability of the part for removal. The combination of input, out- 
put, and decision-making instructions gives the controller great flexi- 
bility in working with surrounding equipment. 

The repeat and step and repeat instructions are especially useful 
for palletizing tasks. The repeat instruction allows the programmer to 
specify that a movement, a group of points, or an instruction be repeated 
a specified number of times without duplicating the points or instruc- 
tions in the program. The repeat instruction sets up a controlled software 
loop. Some controllers identify the points or instructions to be repeated 
as a named or numbered subroutine. The user, then, specifies the num- 
ber of the subroutine to be repeated and the number of repetitions to 
be performed. The automatic mode software then re-executes those 
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Figure 11-3. Controller console with pendant. (Photo taken at Robot 7 show.) 


points or instructions identified as the subroutine. Programming time 
and size can be shortened in tasks that have oft-repeated movements. 
The step and repeat instruction is even more powerful in palletizing 
operations. The programmer identifies the basic motions required, such 
as reaching and grasping or reaching and releasing, and then enters the 
direction and distance, the offset, to the next part on the pallet. The 
step and repeat instruction performs the basic movement and then con- 
tinually increments the reach distance by the offset provided in the pro- 
gram to automatically pick up and then place the next part until the task 
is completed. Repeat and step and repeat instructions are generally en- 
tered via a video terminal attached to the controller. A controller console 
and pendant are shown in Figure 11-3. A few controllers use a detach- 
able terminal or personal computer that is connected only during pro- 
gramming or editing. Since a terminal or pendant is used only during 
programming, a detachable terminal can be used with many controllers. 
The result is a less expensive controller. Detachable terminals generally 
include disk drives and the associated controllers do not, prohibiting 
the continuous disk access technique used in long СР programs de- 
scribed earlier. Upper-end intelligent controllers may contain some or 
allof these features, and, like most other aspects of controllers, the names 
given to these special features vary widely among controllers. 
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Іголіса Шу, it is the intelligent controller's greatest advantage, ease of 
programming, that also produces its greatest disadvantages. Since the 
program must be developed by teaching the robot its movements, pro- 
gramming time is down time for the robot and surrounding equipment. 
Although the programming procedure is quickly mastered, the creation 
of a good program may take an experienced programmer half a day or 
more. Some complex tasks may require the entry of literally thousands 
of points. This disadvantage reappears each time changes in the process 
or product occur which necessitate modifications in the program. And 
although several robots may perform similar tasks, each must be indi- 
vidually programmed; the program cannot be developed at a remote 
location and quickly loaded into each robot. If several robots are used 
in a process, programming down time can become very expensive. 

Because the intelligent controller develops a program by collecting 
positional information as the robot is led through the desired motions, 
its program cannot be readily analyzed, modeled, or optimized on a 
computer. Such unskilled tasks as part handling and palletizing are eas- 
Шу modeled and optimized on a general-purpose computer. Improve- 
ments produced by such analysis cannot be introduced into the pro- 
grams of intelligent controllers. 

Tasks involved in assembly operations, a huge potential market 
for robotics, require a controller that is much more aware of the work- 
piece thàn most intelligent controllers can be. The needed controller 
must be able to communicate with sophisticated vision and tactile sensor 
controllers and to then use the information provided by those sensors 
in performing the task. These requirements point to the need for a pro- 
gramming language that has a rich variety of arithmetic/logic, condi- 
tional, and I/O instructions. The few decision-making and I/O instruc- 
tions available in the most advanced intelligent controllers fall short of 
these requirements. 

The movement of computer-aided design and manufacturing tech- 
niques from the research lab to the factory requires sophisticated con- 
trollers that can participate in hierarchical control schemes both as a 
slave and as a master. The intelligent controller, Бу definition, is not 
powerful enough to participate in such a system. It should be noted, 
however, that in simple stand-alone applications these limitations may 
not outweigh the simplicity of programming and lower cost of an in- 
telligent controller. A company can evaluate use of an intelligent robot 
without the expense of a full-time programmer or robotics engineer. 
Many small and medium-sized companies are "getting their feet wet" 
with an intelligent controller. 
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Finally, the walk-through and some lead-through programming 
techniques require the user to be within the robot's work envelope dur- 
ing programming. Since the robot is powered up during programming, 
a potentially hazardous situation exists each time a new task is pro- 
grammed or an existing task is edited. Built-in safety compliance systems 
minimize the risk of an accident during programming but do not totally 
eliminate it. 

Just as mechanical controllers have been replaced Бу electronic con- 
trollers, the intelligent controller will give way to the very intelligent 
controller. Since intelligent controllers are computer based, the increas- 
ing power of the microprocessor will increase the sophistication of the 
controller. Increased use of vision and touch and the development of 
CADAM systems will precipitate the need for smarter controllers on 
each robot. These controllers will be able to be programmed using the 
lead- or walk-through techniques or through the higher-level languages 
used on very intelligent controllers. 


REVIEW QUESTIONS 


1. List two advantages of the intelligent controller over the nonin- 
telligent controller. 


2. Explain the role of operating system software in an intelligent con- 
troller. 


3. Describe an intelligent controller's three major modes of operation. 

4. Explain how a program is created using the lead-through tech- 
nique. 

5. Compare walk- and lead-through programming techniques for 
painting and palletizing operations. 

6. Discuss use of input and output commands bv an intelligent con- 
troller in a manufacturing setting. 

7. Describe the input and output commands that may be available in 
some controllers. 

8. Discuss the advantages and disadvantages of the simple program- 
ming techniques used by intelligent controllers. 


Chapter 12 


VERY INTELLIGENT 
CONTROLLERS 


The intelligent controller, while more powerful than the nonintelligent 
controller, has some serious limitations in applications that require long 
sequences of complex motions or evaluation of information supplied by 
intelligent sensors. Like the intelligent controller, the very intelligent 
controller is computer based, but its operating system software does not 
hide the computer from the user. The languages used on very intelligent 
controllers are generally extensions of standard computer languages. 
This means, of course, that the programmer should have previous com- 
puter experience. The power gained by this general-purpose software 
allows the intelligent controller to participate in hierarchical control 
schemes. As in the other controller groups, there is a broad range of 
abilities among very intelligent controllers that extends from the high 
end of the intelligent machines to integrated CADAM svstems. 

The computer hardware used in a very intelligent controller is 
much like that used in an intelligent controller. Sixteen- and 32-bit pro- 
cessors are prevalent, and while Digital Equipment's PDP 11 has been 
most often used, the increased power and decreased cost of the 32-bit 
microprocessors have made them popular recently. A very intelligent 
controller has a large amount of RAM, 64K to 256K, and is disk based; 
Winchesters are not uncommon. These controllers tend to look very 
much like general-purpose mini- and microcomputers with some special 
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V/O capabilities. In addition to the I/O lines needed to collect feedback 
and send control signals to the robot, all have serial communication 
capabilities which allow them to communicate with other intelligent con- 
trollers. The greatest difference between the intelligent and very intel- 
ligent controller is the operating system software used to develop the 
robot's program. 

The operating system software found in most very intelligent con- 
trollers enables them to be programmed using the lead-through or walk- 
through techniques found in an intelligent controller. This allows a user 
without computer experience to purchase the more sophisticated con- 
troller but be able to use it immediately and then gradually utilize the 
higher-level programming capability as experience is gained. Program- 
ming that involves physical use of the robot, like the lead- and walk- 
through methods, is referred to as on-line programming. The advan- 
tages of on-line programming generally outweigh the disadvantages 
when the robot must perform simple tasks that are not changed often. 
The disadvantages of on-line programming become overwhelming 
when short runs of the item used in the task are expected, when the 
task becomes too long, or when the task becomes too complex. The 
relatively simple task of palletizing may require the entry of more than 
one thousand points on an intelligent controller without a step and 
repeat function. Lead-through entry of such a program would be error 
prone and very time consuming. Programming a complex assembly task 
using either the lead- or walk- -through techniques can be nearly impos- 
sible as the sequence of intricate movements required overwhelms the 
programmer. 

Very intelligent controllers offer the ability to program the robot 
off line. Off-line programming makes little or no use of the robot during 
the production of a program. An off-line program is not produced by 
using the computer as a digital tape recorder to remember and replay 
the movements. Instead, it is produced much like a traditional computer 
program, by selecting needed instructions from an instruction set and 
arranging them in the correct sequence. When the program has been 
completed, it is downloaded or transferred into the controller via а 
serial communications link. Off-line programming offers several advan- 
tages over on-line programming. Because the robot is not used during 
programming, down time is significantly reduced. The existing program 
can be edited for an upcoming change off line while the robot continues 
to perform the present task. New programs for future tasks can be de- 
veloped in advance to minimize task changeover time. Off-line pro- 
gramming also makes remote programming possible. Since the robot is 
not used during programming, the program can be produced at a lo- 
cation other than the robot's work site. A programmer can work in a 
programming facility and take advantage of high-level emulators, sim- 
ulators, editors, vast storage capacities, and printers normally found in 
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à computer facility. Since a program developed off line is transferred to 
the controller via a serial communications link, many robots performing 
the same task can be loaded with the same program, eliminating pro- 
gramming duplication. Off-line programming makes it possible to de- 
velop a program thousands of miles from the controller, then send it to 
the controller over a phone line with the final editing being performed 
on the shop floor. A large company may have a single well-equipped, 
well-staffed programming center which develops programs for several 
manufacturing facilities. 

Most very intelligent controllers support real-time control of the 
manipulator. Intelligent and nonintelligent controllers simply store the 
desired manipulator movements and play them back on command. The 
underlying assumption is that the part manipulated by these controllers 
will be in the right place, in the right alignment, at the right time. A 
real-time controller stores positional information but does not calculate 
the trajectory of the manipulator until it is needed during execution of 
the program. At the time it is calculated, the trajectory can be adjusted 
to allow for misalignment of the part or controller. Information about 
the part can be supplied to the controller by intelligent sensors. Off-line 
programming allows the design of a control algorithm and program 
which includes this information in the movement calculations. 


Programming Languages 


The advantages of the very intelligent controller are provided by the 
ability to develop programs in a high-level language. There are nearly 
as many high-level robot languages as there are brands of very intelligent 
controllers. Each company has generally produced or purchased a 
unique language for its line of controllers. Many robot programming 
languages are extensions of standard high-level computer programming 
languages. A language extension adds special instructions to the lan- 
guage's normal repertoire that ease manipulation of the arm, exami- 
nation of inputs, or the setting of outputs. The language's math and 
logic functions are left intact to allow manipulation of information from 
intelligent sensors and other controllers in the program. The language's 
original structure and syntax are not greatly changed, so a technician 
or engineer familiar with the computer language can quickly learn the 
robot's language. Other robot languages combine features of several 
high-level computer languages into a new robot language. Most pro- 
gramming, languages support real-time control of the manipulator. In- 
telligent controllers store the desired path of the manipulator and play 
it back upon request. The underlying supposition is that the part ma- 
nipulated will be properly placed at the correct time. There is little or 
no ability to change the trajectory during execution. There are presently 
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no standards for robot programming languages nor has one language 
been so widely used that it has become a de facto standard. A program 
written in any one robot's language is generally not compatible with 
another manufacturer's controller on any level. Furthermore, most con- 
trollers support only а single language. The user is, then, married to 
the language that is available for the robot purchased. The wide variety 
of languages available and the lack of more than one language for a 
single controller is not dictated by limitations of the controller hardware. 
Indeed, several intelligent controllers sold with different languages use 
the same DEC LSI 11 processor. Any robot programming language could 
be written for and implemented on апу very intelligent controller avail- 
able. While there have been discussions in the professional associations 
and the research universities of the desirability of a standard language, 
the market has not matured enough to support а standard. Eventually 
a few languages will become widely used and become de facto standards. 
Some of these will be versions of today's languages while others will 
result from artificial intelligence research and still others from CADAM 
research. The languages currently available vary in sophistication and 
power but all allow the controller to be programmed off line. VAL, 
HELP, RAIL, AML, MCL, and RPL are but six of the many robot lan- 
guages in use today. Each of these languages includes decision-making 
instructions, loop instructions, subroutines, variable naming, real and 
integer variables, and special instructions to set velocity of the manip- 
ulator and operate the gripper. Most of these are interpreted languages 
and offer the characteristic friendliness and editing advantages of in- 
terpreters. The characteristics and unique features of each of these lan- 
guages will be described. 


VAL. Val was developed for Unimation's Unimate and Puma lines of 
robots. It is a loose extension of BASIC which runs on DEC's LSI 11 
processor. VAL supports on-line walk-through programming as well as 
off-line high-level programming and a combination of both in which 
coordinate data is collected on line and the program that manipulates 
the robot through those positions is written off line. VAL includes the 
ability to communicate with intelligent vision and tactile sensors. A sim- 
ple pick-and-place program is shown below. 


.PROGRAM PICK 
MOVE P10 
MOVE P11 
SPEED 30 
MOVES P20 
CLOSEI 0.00 


COMITES 


ugs 
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6. MOVE P20 
а NION/S РІП 
6. 5РЕЕГ 30 

9. МОУЕРІ0 
10. ОРЕМІ 0.00 


The instructions are numbered in order of performance. MOVE is one 
of the most frequently used commands. MOVE specifies a straight-line 
move to the point specified. The coordinates or points are labeled PXX 
in this program. The coordinates appear as a file that is read by the 
program. The coordinate file may be built by identifying the desired 
points on line by moving the manipulator or may be generated by a 
geometric model algorithm supplied by the user. 


HELP. HELP was developed for use with General Electric's Allegro 
assembly robots. It is a loose extension of Pascal which runs on DEC's 
LSI 11 processor. HELP includes the ability to supervise more than one 
arm with a single controller. It does not include geometric models but 
operates totally in a joint coordinate system. HELP includes the ability 
to communicate with an intelligent tactile sensor but not with an intel- 
ligent vision sensor. 


AML. AML (a manipulator language) was developed for use on IBM's 
К5/1 assembly robot. It is a new, highly structured language that draws 
on LISP, ALGOL, and APL and runs on IBM's Series/I processor. A 
subset is available which runs on IBM's PC processor and requires some- 
what less computer programming experience. AML is an interactive 
language that is both textual and menu based. Its structure is quite 
regular and exception type fixes to problems are discouraged. It has 
recently been used with both intelligent tactile and vision sensors. 


MCL. MCL (manufacturing control language) was developed by 
McDonnell Douglas under contract with the USAF for the ICAM project. 
It has been implemented on Cincinnati Milacron's T3 robot. MCL is an 
extension of APT, the widely used numerical control programming lan- 
guage. It was developed to run on an IBM 370 mainframe computer, 
although a DEC PDP 11 version has been developed. MCL allows de- 
velopment of programs which will control not only the robot but also 
the surrounding equipment in a work cell. Instructions are included that 
allow MCL to utilize data from intelligent tactile and vision sensors. 
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ЕРІ. RPL (robot programming language) was developed by SRI to aid 
in the configuration of automated manufacturing svstems. RPL draws 
on Pascal, FORTRAN, and LISP and runs on DEC's LSI 11 processor. 
An unusual feature of the language is that its most often executed com- 
mand is the subroutine call. A program consists of a series of subroutines 
that are called, or executed, sequentially. RPL allows communication 
with intelligent vision sensors. 


RAIL. RAIL was developed by Automatix for use with robots and 
vision systems. RAIL is an extension of Pascal that runs on an MC68000 
processor in Automatix's AI32 controller. It supports either on-line walk- 
through programming or off-line high-level programming. In the walk- 
through mode, operating svstem software produces a RAIL program as 
the robot is led through the desired motions. A simple pick-and-place 
RAIL program is shown below. 


BEGIN 
;Pick up part. 
OPEN 
APPROACH 2.0 FROM LINE! 
MOVE LINE] WITH SPEEDSCHED(2) 
CLOSE 
DEPART 2.0 
;Place part. 
APPROACH 2.0 FROM PRESS 
MOVE GLUE WITH SPEEDSCHED(2) 
OPEN 
DEPART 2.0 
END 


These six languages, from the relatively simple VAL to the struc- 
tured RAIL to the new and powerful AML, are representative of all 
currently available robot languages. Which language is best? Each is 
probably best in particular settings. The complexity of the task, the 
amount of intelligent I O information that must be used by the controller, 
and the programming experience of the user must all be considered 
when choosing the "best" language for a given task. Increased sophis- 
tication and power in a language generally require increased experience 
and sophistication in the programmer. The converse is also true. VAL 
is certainlv simpler to use than AML but is less powertul than AML. 
Keep in mind that presently a programmer cannot choose a language 
for a given robot, since its controller can only execute its manufacturer's 
language. 
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А hierarchical control system involves one computer supervising the 
actions of other computers in an organizational scheme which resembles 
the chain of command in any organization. A hierarchical control scheme 
is shown in Figure 12-1. Notice that at each level the computer has only 
a single controller above it but may have one or more computers below 
it. The computers at the bottom of the figure are very intelligent robot 
controllers. They are responsible for the control of a specified machine 
or robot. The computers at the next level up are work cell supervisors. 
А supervisor directs the actions of more than one very intelligent con- 
troller. The supervisor coordinates the interactions between those con- 
trollers beneath it. A supervisor might, for example, be responsible for 
all action within a single work cell, which could include several machines 
each of which is controlled bv its own verv intelligent controller. The 
next-higher-level controller, the shop supervisor, coordinates work cell 
supervisors to ensure maximum rate of materials flow through the pro- 
cess. It foresees backups or delays and manipulates the materials han- 
dling system and work cell supervisors to avoid them. Work cell and 
shop supervisor hardware includes 32-bit micro- or miniprocessors, so- 
phisticated serial and local network communications interfaces, a very 
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Figure 12-1. Hierarchical control system. 
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large amount of RAM, high-density disk drives, and printers. The com- 
puter at the top of the svstem is the plant supervisor. The plant super- 
visor is responsible for the entire operation within the facility. Plant 
supervisor hardware includes a mainframe processor, a very large 
amount of virtual RAM, multiple hard disk drives, communications in- 
terfaces, and printers. 

In such a control system commands flow downward from the plant 
supervisor to the shop supervisors, from the shop supervisors to the 
work cell supervisors, and from the work cell supervisors to the indi- 
vidual machine controllers. Information about the status of the operation 
flows upward from the controllers on the lower levels to their super- 
visors on levels above. Decisions that affect each component of the pro- 
cess are software based and are made by the controller responsible for 
the resulting actions within constraints provided by its supervisor. At 
each higher level of control the constraints become less task oriented 
and more process oriented. The plant supervisor software does not con- 
sider the specific movements of any single robot or machine but instead 
considers the ordering and deliverv of raw materials to meet the pro- 
duction schedules. Conversely, the very intelligent controller at the bot- 
tom of the hierarchy does not consider ordering and delivery of raw 
materials but instead considers the actual and desired position of the 
manipulator it is responsible for. The view at the top is quite broad while 
the view at the bottom is necessarily narrow. 

Hierarchical control depends on the ability of each controller to 
communicate with those above it and below it. The communications 
interfaces must be both hardware and software compatible. Hardware 
compatibility does not require identical processors or control systems at 
each level; it requires electrical signal level and timing compatibility. RS 
232, the serial communications standard, is often used between con- 
trollers, and recently some systems have employed local area network 
hardware. Software eompatibility is much more difficult to achieve. The 
software must be compatible in the data types and data structure used 
and in the command format used. Underlving all specific control, soft- 
ware must be an operating svstem that supports the communication 
necessary in a hierarchical system. Some CADAM systems are examples 
of hierarchical systems in w ‘hich the database formed in the design pro- 
cess is passed to the controllers supervising the manufacturing equip- 
ment. Because it is programmable in a high-level language, the very 
intelligent controller is usable in hierarchical svstems. Hierarchical con- 
trol systems are just beginning to be implemented at the manufacturing 
plant level, but many intelligent and verv intelligent controllers use a 
simple hierarchical scheme. These controllers place a single-chip 8-bit 
microprocessor-based controller at each joint to make feedback adjust- 
ments in the servo system for that joint. The program for using the 
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feedback is stored in КОМ; it is svstem software and is not generated 
by the user. The main controller is then tree to calculate the trajectory 
and consider information from intelligent sensors. The joint processors 
are totally invisible to the user and totallv subservient to the intelligent 
and very intelligent controller. 


Vision Systems 


Very intelligent controllers have the ability to make real-time adjust- 
ments in a program's positional data to compensate for variables in the 
workpiece. This ability is sometimes referred to as adaptive control. To 
make these adjustments the controller needs more sophisticated infor- 
mation about the current state of the process than can be provided by 
the simple go-no go limit switches and sensors generally used with 
nonintelligent controllers. А vision system can provide the robot con- 
troller with information about the location, orientation, and type of part 
that is to be handled. Machine vision systems are used for recognition 
and verification of parts, for inspection and sorting of parts, for non- 
contact measurements, and for providing part position and orientation 
information to the robot controller. 

The components of a typical machine vision system are shown in 
Figure 12-2. The scene is viewed by a video camera which converts it 
into a series of electrical signals. The camera may be mounted in a sta- 
tionary position above the work place to view the workpieces as they 
become available to the robot or it may be mounted on the manipulator 
arm to view the scene as the arm is moved. The small size and weight 
and the ruggedness ot solid-state cameras have made them popular with 
vision system designers. The fineness of detail in a frame of information 
produced by a camera is its resolution. The higher the resolution, the 
greater the amount of detail shown or the smaller the characteristic that 
can be discerned. A frame is composed of tiny blocks placed side bv 
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Figure 12-2. Machine vision system. 
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side on the screen. These blocks are called picture elements or pixels. 
Resolution is expressed as the number of pixels that are produced by 
the camera for any scene in a V x H specification. Cameras produce 
pictures with resolutions that vary from as low as 128 x 128 pixels to 
as high as 320 x 480 pixels. The resolution needed by a camera is de- 
termined by the amount of detail which must be seen by the system 

The electrical signals generated by the camera are passed to the 
image analyzer. The image analvzer converts the analog video signal 
into a matrix of numbers which can be manipulated by the computer. 
Machine vision may have binary, grav scale, or color characteristics. 
Binary and gray scale vision produce black and white images while color 
includes hue information. Binary vision is most commonly used because 
it produces enough information to satisfy the requirements of the robot 
controller in many applications and because it is simpler and less ex- 
pensive to implement. A gray scale image includes shades of gray that 
range from near black to near white. А binary image is composed only 
of black and white pixels which are represented as zeros and ones. The 
surface of the object viewed by a binary system contrasts with the surface 
of the table supporting the object, and a black and white silhouette of 
the object is produced in which the edges and holes of the object are 
plainly discernable. The amount of contrast required by the system to 
produce an image is called the threshold. The sensitivity of the threshold 
must be adjusted to produce an image of the object each time the object 
is viewed without producing spurious images due to ambient light 
"noise." Special lighting of the viewing area is used to produce high 
contrast and reduce the effects of ambient light. High-intensity lights, 
strobe lights, colored lights, and camera filters are used to produce the 
contrast needed. Although back lighting produces excellent contrast, it 
may not be used due to dust accumulation in or mechanical constraints 
of the work cell. Front lighting is most often used and is always used 
when top surface features of the object must be viewed. 

The digitized, binary image is stored in RAM and made available 
to the computer. The computer analvzes the image to define the objects 
viewed, extracts desired features from the objects, and classifies the 
objects according to specifications supplied bv the user. Object definition 
is often performed using connectivity theory. Connectivity forms objects 
by grouping adjacent darkened pixels together to form a blob. The blobs 
formed in a frame are then subjected to feature extraction and classifi- 
cation. Feature extraction algorithms perform measurements on each 
blob to build a table of characteristics which can be used in classification. 
Perimeter, total area, maximum height and width, number, position and 
radii of holes, elongation and compaction indices, width of a rectangle 
placed around the image by the computer (called a bounding rectangle), 
and the orientation of the blob in the scene are features tvpically ex- 
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tracted from the image and stored for each blob. Classification algo- 
rithms then compare the characteristics of each blob with learned char- 
acteristics of the objects to be recognized to discriminate between blobs 
in an image. If the blob's features match those of a learned part, the 
system labels the blob as that part. The level of correspondence between 
the blob's characteristics and those of a learned part are user selectable. 
The software that performs this analysis is sometimes referred to as the 
nearest-neighbor algorithm. Vision systems allow the user to specifv 
which features are extracted and used during classification. The larger 
the number of features extracted and used, the greater the processor 
time required to classify the blobs. The types of shapes, together with 
their areas and unique characteristics, determine the number of features 
needed for classification of blobs. Recognition time may vary from 0.01 
to 1 sec depending on the complexity of the scene and the number of 
characteristics used in classification. Because the definition, feature ex- 
traction, and classification programs are complex and require a lot of 
processor time, the computer shown in Figure 12-2 is a stand-alone 
unit; it is not the very intelligent controller used by the robot. The Digital 
Equipment LSI 11 and Motorola 68000 processors have been widely 
used. The vision computer communicates with the robot's very intel- 
ligent controller via the serial communications interface shown in Figure 
12-2. 

There are no standards for vision software. All systems are taught 
the parts to be recognized by repeated exposure to the parts in a learn 
mode. During the learn mode, operating system software performs fea- 
ture extraction on the part and a standard table of characteristics is stored 
in memory. This table is used during classification. Some vision systems 
are menu driven, in which the user is asked to choose which parameters 
will be extracted and used for classification. Menu-driven systems are 
relatively easy to use and require little programming experience. Op- 
erating system software includes all software needed; the user only 
chooses parameters. Other vision systems allow the user access to the 
recognition software and to develop custom recognition programs. Cus- 
tom programs are more efficient than the general-purpose algorithms 
found in a menu-driven system and, therefore, run faster. 

Most intelligent robot controller languages include or are being 
revised to include vision commands that allow the controller to com- 
municate with the vision computer. VAL includes the vision instructions 
PICTURE and LOCATE. A PICTURE command, when issued to the 
vision system, causes the scene to be scanned, digitized, analyzed, and 
classified. The LOCATE command directs the vision computer to de- 
termine the location of a named part and to return its coordinates and 
orientation. These commands are fairly typical of those found in the 
other languages. There are no standards, however, for the form of an 
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instruction or format of the data returned or communications protocol 
between the robot controller and the vision computer. Again the system 
designer is limited to what's available for the robot being used. 

Machine vision allows applications of robots in complex assembly 
Operations. Vision svstems are relatively new, however, and relatively 
expensive. It may be more cost-effective to design special part presen- 
tation or handling fixtures than to use a vision system. If the application 
requires gray scale or color sensing, special fixturing is probablv cheaper. 
As the vision field matures and the cost of 32-bit microprocessors de- 
creases, the cost of gray scale and color vision will fall. As de facto hard- 
ware and software standards develop, vision will be more widely used. 

Because it can work within a very intelligent manufacturing sys- 
tem, the verv intelligent controller will eventually replace all less intel- 
ligent controllers. Even those robots which perform simple tasks will be 
supervised by a verv intelligent controller. The ability to communicate 
with other processors will be needed in the automated factorv of the 
tuture. 


REVIEW QUESTIONS 


1. Discuss two advantages of the very intelligent controller over the 
intelligent controller. 


Explain the difference between on- and off-line programming. 
List four programming languages. 


Why are there no standard robot languages? 


c w 


Sketch and explain a hierarchical control system that includes a 
robot. 


6. Discuss the distribution of decision making in a hierarchical control 
system. 

7. Define the terms resolution, pixel, binary vision, gray scale vision, blob, 
and feature extraction. 

8. Describe the process used to classify objects in a vision system. 
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Absenteeism, 8I 
Accidents, see Health and safety 
Accuracy, 61, 63 
AC electric energy, see Alternating 
current; alternating current 
motors 
Acoustical proximity detectors, 123 
Actuators 
fluid power systems, 177-183 
manufacturing systems, 113 
see also Rotary electric actuators 
Advanced Robotics Company, 28 
Agriculture, 1-2 
Air compressors, 160, 163—164 
see also Pumps 
Aircraft Products Company, 7 
Air logic controllers, 207 
AL language, 54 
Alternating current, [86 
Alternating current motors, 192-197, 199- 
201 
single-phase, 192-194 
three-phase, 196-197 
American Machine and Foundry 
Company, 7 
American National Standards Institute 
(ANSI), 175 
AML language, 54, 239 


Analog to digital (A.D) converter chips, 
222 
Anorad Company, 30 
Anthropomorphic robots, 8, 11-12, 24-25, 
26, 32, 44 
Applications, see Manutacturing systems; 
Production applications 
Applications analysis, 101-103 
Armax Company, 32 
Asea Company, 7, 8 
Assembly operations, 84-86 
Attitude, 80 
Automated manutacturing systems, see 
Manufacturing systems 
Automation 
mechanization contrasted, 3 
productivity and, 2 
Automatrix Company, 54, 240 
Automobile hoists, 152 
Automobile industry, 3, 80-81 
see also General Motors Corporation 
Avoidance costs, 89 


Bendix Corporation, 8, 32 

Bitilar construction, 202 

Bourdon tube element, 183 
British Robot Association (BRA), 8 
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Bubble memorv, 218 
Buses, 216, 223 


Cadmium, 127, 128, 129 
Camera, see Telelvision camera 
Camera systems, 128 
Capacitive transducers, 141 
Capek, Karl, 5 
Capital investment 
economic justifications, 89-90 
robots, 79-80 
taxation and, 92 
see also Economic justihications 
Cartesian coordinate robots, 25-28, 32, 44 
Cemt (counterelectromotive force), 155, 
189 
Centrifugal pumps, 168-169 
Check valves, 174 
Cincinnati Milacron Companv, 7, 8, 24, 
25, 73, 54, 239 
Classification, 16—24 
Japanese, 16, 17-19, 24 
U.S., 20-24 
Closed-loop robots, 21-24, 206, 225 
control systems, 117-119 
sensors in, 14 
see also Intelligent controllers and 
robots; Very intelligent controllers 
and robots 
Coal-tired systems, 186 
Command resolution, 60 
Communication, 14, 205, 206 
Comparator, 118 
Compatability, 223, 238 
Competition (business), 89 
Compound-wound de motors, 192, 193 
Computers 
automation and, 3 
controllers, 14-15, 213-224 
controller standards, 223-224 
design system of, 213-214 
environmental considerations in, 222- 
223 
ГО intertace, 220-222 
maintenace, 223 
memory, 216-220 
nonintelligent controllers, 208-209 
sottware programming methods, 53, 
54 
vision sensing systems, 124 
Consolidated Diesel Electric Company, 7 
Continuaus-operation pumps, 163 
Continuous-path (CP) motions, 23, 58-59, 
117 
Controls and controllers, 11, 12, 116-119 
classification of, 205 
computer and, 213-224 


Controls and controllers (Conti) 
fluids power systems, 151-152, 173- 
177 
functions ot, 14-15 
mechanical power systems, 113 
relational operation of, 15-16 
sensing systems, 114-115 
servo robots, 23 
standards for, 223-224 
systems concept, 110,111 
see also Closed-loop robots; Intelligent 
controllersand robots; Nonintelligent 
controllers; Very intelligent 
controllers and robots 
Control valves, 14 
see also Valves 
Copperweld Robotics Company, 87 
Correction signals, 225 
Cost saving, 59 
Counterelectromotive torce (cemt), 188, 
159 
CyBotech, 28 
Cvcle timing svstems, 115 
Cylinders, see Linear actuators (cylinders) 
Cylindrical coordinate robots, 28, 30, 31, 
Ес. 
Cvro 750 robot, 29 


DC electric current, see Direct current 

Decision-making, 122 

Degrees of freedom, 12, 34—43 

Dehumanization, 5-6 

Delay timing systems, 115 

Depreciation, 91-92, 96-97, 99 

Desiccants, 170 

Detectors, 115 
sec also Sensing systems; Sensors 

Detents, 204 

DeVilbiss Company, 7-8, 54, 84, 85 

DeVol, George, 6-7 

Digital Equipment Corporation, 215-216, 

235, 245 

Digital integrated circuits, 208 

Digital systems, 115-116, 130 

Direct current, 186-187 

Direct current motors, 187-192 
actuators, 201-203 
compound-wound motors, 192, 193 
permanent-magnet motors, 190, 191 
series-wound motors, 190, 191 
shunt-wound motors, 191-192 
synchronous motors, 196-197 
universal motors, 192-194 

Direct current tachometer system, 13 

Direction control, 174-175 

Discounted cash flows, 90, 95 

Discounting procedures, 90-91 

Displacement sensors, 137 


"% 


Double-acting cvlinders, 180-181 

Draper Laboratory, 6 

Drum controllers, 14 

Dynamic performance, see Operational 
speed 


Economic analysis, 95-99 
Economic justifications, 89-99 
decision-making tools, 90-95 
economic analvsis, 95-99 
Eddy current proximity sensors, 122 
Education, 107 
EEPROMs, 217-218 
Effort, 154 
Electrical power systems and energy 
sources, 15, 110, 185-204 
alternating current motors, 192-197 
direct current motors, 187-192 
fluid power systems, 151 
hydraulic power systems, 148, 159 
overload protection in, 204 
overview of, 185-187 
pneumatic systems and, 149, 160 
production of power, 186 
rotary electric actuators, 197-203 
sources of, 203 
see also Alternating current motors; 
Direct current motors 
Electromechanical power systems, 112 
Electromechanical relays, 207 
End effectors, 12-13, 64-74 
defined, 64 
degrees of treedom and, 35 
expandable grippers, 70 
human hand compared, 64-65, 66 
magnetic grippers, 69-70 
mechanical grippers, 65, 67 
nonintelligent controllers, 205-206 
overload protection, 204 
relational operation of, 15-16 
sensors for, 73-74 
support grippers, 70 
tooling of, 71-74 
vacuum grippers, 67-68, 69 
Energy sources 
electrical power systems, 15, 110, 185- 
204 
hydraulic power svstems, 148 
mechanical power Systems, 112-113 
pneumatic systems, 149 
svstems concept, 110, 111 
Engelberger, Joe, 7 
Environmental considerations, 222-223 
EPROM programmers, 217-218 
Error signal, 23 
Expandable grippers, 70 
External sensors, 74-75 


Index 


Feasibility determination, 100-101 

Feedback, 118 

Feedback sensors, see Sensing systems; 

Sensors 

Fiber optic sensors, 130-133 

Field Rheostat, 192 

Filters, 159, 169-173 

Fixed-sequence robots, 17, 18 

Fixed-stop robots, 21 

Flexible manufacturing (FMS) systems, 79 

Floppy disks, 219-220 

Flow control, 175-177 

Flow indicators, 183 

Fluid conditioning, 169-173 

Fluid motors, 182-1823 

Fluid power systems, 145-184 
applications of, 151-152 
characteristics of, 156-157 
compression of fluids in, 157-159 
control in, 173-177 
flow control in, 175-177 
fluid conditioning components in, 

169-173 

hydraulic, 145-149, 159-160 
load devices in, 177-183 
overview of, 145 
pneumatic, 145, 148, 149-151, 160-163 
principle of, 152-155 
pumps, 162, 163-169 
simples system of, 155-156 
symbols in, 247-254 
transmission lines in, 173 

Folded book arrangement, 32 

Force, 153-154 

Force sensing, 75 

Fossil fuel systems, 186 

Four-way valves, 175 

Fuel cells, 186 


Gas lasers, 132-133 
ССА XR Series robot, 29 
Gear pumps, 182 
General Electric Company, 8, 28, 32, 54 
General Motors Corporation, 8, 79, 80-51, 
87 
Geometric motion configurations, 23-24 
Geothermal systems, 186 
Grippers 
expandable grippers, 70 
magnetic grippers, 69-70 
mechanical grippers, 65, 67 
support grippers, 70 
vacuum grippers, 67-68, 69 
see also End effectors 


Hand, 36-37, 38-39, 64-65, 66 
see also End effectors 
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Health and safety 
capital investment and, 80 
machine loading unloading, 81 
manufacturing process, 84 
robots and, 78-79, 88 
Heat-exchanger units, 170 
Heat sensors, 136 
Helium-neon laser, 132-133 
HELP language, 54, 239 
Hierarchical control systems, 241-243 
Highly intelligent robots and controllers, 
see Very intelligent controllers and 
robots 
Hobart Corporation, 8 
Hoists, 152 
Horsepower 
direct current motors, 189 
fluid power svstems, 154-155 
formula for, 182 
Human hand, see Hand 
Hydraulic power supply and systems, 15, 
110, 145-149, 203-204 
fluid compressions in, 158-159 
fluid conditioning in, 169-172 
industrial applications, 159—160 
pumps tor, 163-169 
see also Fluid power svstems 
Hydroelectric systems, 186 


IBM Corporation, 8, 15, 19-20, 28, 32, 36, 
54, 73, 74, 239 
Implementation, 103 
Incompatability, 223, 238 
Indicators 
fluid power systems, 153 
mechanical power systems, 113 
systems concept and, 110, 111 
Induction motors, 194-195, 196 
Inductive transducers, 141-143 
Industrial Robot Directory, 101 
Industrial robots, see Rebots and robotics 
Inflation, 90-91 
Infrared sensors, 128 
Injuries, sce Health and satety 
In-line filters, 170 
Input and output data, see Г.О interface 
Inspection, 87-88 
Integrated circuits, 213, 214, 216-217 
Intel 8086 microcomputer, 216 
Intelligent controllers and robots, 18-20, 
23-24, 225-234 
functions of, 225 
limitations of, 233-234 
programming of, 225-232 
Interfero-metric gauges, 123 
Internal combustion engine, 149 
Interval timing systems, 115 


Investment, sce Capital investment 
Investment tax credits, 92 
VO interface, 220-222, 226, 233, 236 


Japan, 1, 3, 8 

Japanese classification system, 16, 17-19, 
24 

Japanese Industrial Standards, 16 

Japan Industrial Robot Association (JIRA), 
8 

Jointed-arm robot, 8, 11-12, 24-25, 26, 32, 
44 

Jointed spherical rabots, 24-25 

Joystick, 57 


Labor costs, 98 
Labor force, 78-79, 107 
Ladder diagrams, 207, 208, 209 
Languages 
compatability and, 238 
software programming, 54 
verv intelligent controllers, 235, 237- 
ong e 
vision svstems and, 245 
Laser interfero-metric gauges, 123 
Lasers, 131-133 
Lead-through programming methods, 53 
controllers and, 229-230 
limitations of, 233-234 
very intelligent controllers, 236 
LEDs, 122 
Light 
fiber optic sensors, 130-133 
optoelectronic position sensors, 130 
photovoltaic cells, 127-128 
sensing systems, 114, 122, 124-128 
sources of, 122 
Light-emitting diodes, 122 
Limited-sequence robots, 21, 51-53, 56 
Limit switches, 113, 123 
Linear actuators (cvlinders), 179-181 
Linear variable differential transformer 
(LVDT), 142-143 
Load, 63 
dc motors, 188, 189 
fluid power systems, 177-183 
mechanical power systems, 113 
sensing systems, 115 
systems concept, 110, 111 
Loading unloading operations, 81, 83, 100 
Lord Industrial Products, 73, 74 
Lubicators, 171-172 


Machine loading, see Loading unloading 
operations 

Magnetic disk memory, 219-220 

Magnetic grippers, 69-70 


Magnetic memory, 218-219 
Magnetism, 122-123 
Magnetohvdrodynamic (MHD) systems, 
186 
Maintenance programs, 103-105 
Makino, 8 
Manipulator, 11, 12-13 
controller and, 14 
Japanese definition of, 17 
manufacturing systems, 113 
relational operation of, 15-16 
sensors for, 14 
Manual manipulator robots, 17 
Manual programming methods, 51-53 
Manutacturing processes, 84 
Manufacturing systems, 109-120 
concept in, 109-111 
control systems, 116-119 
digital systems, 115-116 
electromechanical, 112 
mechanical power systems, 112-113 
sensing systems, 114-115 
timing systems, 115 
see also Production applications; Robots 
and robotics 
McDonnell Douglas Corporation, 54, 239 
MCL language, 54, 239 
Mechanical fuses, 204 
Mechanical grippers, 65, 67 
Mechanical inaccuracy, 60 
Mechanical movement sensors, 138—139 
Mechanical systems, 110, 112-113 
Mechanization, 2, 3 
Memory 
controllers, 14, 216-220 
hierarchical contro] systems, 242-243 
intelligent controllers, 226-227 
vision systems, 244 
Metering, 177 
Microcomputers 
examples of, 216 
minicomputers compared, 214-215 
programmable controllers, 210 
single-board controllers, 210-211 
Microfloppy disks, 220 
Microprocessors 
controllers and. 14, 205 
intelligent controllers, 225 
Microprocessor unit (MPU), 213-214 
Microswitches, 123 
Minicomputers 
controllers and, 14, 208 
examples of, 214-215 
intelligent controllers, 225 
microcomputers compared, 214-215 
Minimover 5 robot, 63 
Mobot robots, 28, 30, 81, 82 
Morale, 79, 88 
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Motion control, 55-59 

Motorola 68000 microcomputer, 216, 245 

Motors, see Alternating current motors; 
Direct current motors 


Natural-gas fired systems, 186 
Net present value, 93-95 
Nonintelligent controllers, 205-211 
air logic controllers, 207 
computer controllers, 208-209 
programmable controllers, 209-210 
relay logic controllers, 207 
rotating drum controllers, 206 
single-board controllers, 210-211 
uses of, 206 
Nonpositive displacement pumps, 164 
Nonprehensile movement, 64-65 
Nonservo robots, 20-21, 117 
Nordson coating robot, 54 
Nuclear power svstems, 186 
Numerically controlled robats, 18 
Numerical svstem, see Digital systems 


Occupational Safety and Health Act 
(OSHA), 78-79 
see also Health and Safety 
Off-line memory, 216, 218-219 
Off-line programming methods, 53, 54, 
236-237 
Oil-fired systems, 186 
On-line memory, 216-217 
Open-loop robots, 14, 20-21, 117, 205 
see also Nonintelligent controllers 
Operational range, see Work envelope 
Operational speed, 62, 63, 195, 199-200 
see also Speed control 
Optical proximity sensors, 122 
Optoelectronics systems and devices, 110, 
124, 130 
Overload protection, 204 


Pascal's Law, 153 
Payback period, 92-95, 94 
Payload, see Load 
PDP 11 controller, 213-216, 235 
Performance measures, 59-63 
accuracy, 61, 63 
load capacitv, 63 
operational speed, 62, 63 
repeatability, 61-62, 63 
resolutian, 60-61, 63 
Permanent-magnet dc motors, 190, 191 
Photoconductive devices, 126, 128 
Photoelectric devices, see Optoelectronic 
devices 
Photoelectric tachometer systems, 138 
Photoemissive devices, 126 
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Photoresistive devices, see 
Photoconductive devices 
Phototubes, 126 
Photovoltaic cells, 127-128 
Pick-and-place robots, 14, 15, 21 
applications for, 80, 81, 82 
control systems for, 117, 206 
motion control, 56, 57 
programming of, 51-53 
Pick-O-Matic fixed-sequence robot, 17, 18 
Piezoelectric principle, 134-135 
Pitch degree of treedom, 38, 39, 40, 42 
Playback robot, 18, 19 
Pneumatic power supplv and systems, 15, 
110, 145, 148, 149-151, 203 
fluid compression in, 158-159 
fluid conditioning in, 169-172 
industrial applications of, 161—163 
see also Fluid power systems 
Pneumatic robots, 21, 2 
Point-to-point (PTP) motions, 23, 56-58, 
117 
Positive displacement pumps, 164 
Power supply, 11, 12, 13 
memory and, 217 
relational operation of, 15-16 
types of, 15 
Power systems, see Electrical power 
systems and energy sources; Fluid 
power systems 
Prab Incorporated, 7, 30, 31, 32, 34, 37, 
38, 63, 81, 83 
Prehensile movements, 64-65 
Preloaded springs, 204 
Present-value procedures, 90-91 
Pressure, 154 
Pressure drop, 156-157 
Pressure indicators, 183 
Pressure regulation, 170-171, 173 
Production applications, 80-88 
assembly operations, 84-86 
inspection, 87-88 
machine loading unloading, 81, 83 
manufacturing processes, 84 
pick-and-place robots, 80, 81, 82 
spray painting, 84 
welding, 81-84 
see also Manufacturing systems 
Productivitv, 1-2 
assembly operations, 85-86 
machine loading unloading, 81 
manutacturing processes, 54 
operational speed and, 62 
robots and, 6, 78-79, 89 
welding applications, 84 
Programmable controllers, 209-210 


Programming 
intelligent controllers, 225-232 
lead-through methods, 51-53 
methods of, 51-55 
motion control and, 56-57, 58, 59 
sottware programming methods, 54 
very intelligent computers, 236-237 
voice programming, 53, 54-55 
walk-through methods, 53-54 
see also Languages 
Proximity sensors, 75, 122, 123, 124 
Puma robot, 8 
Pumps, 162, 163-169 
centrifugal pumps, 168-169 
gear pumps, 182 
reciprocating pumps, 164-165 
rotary-gear pumps, 165-166 
rotary-vane pumps, 166-168 
see also Air compressors 


Quality control 
assembly operations, 86 
automation, 3 
inspection applications, 87-88 
robots and, 78-79 

Quartz crystals, 134 


Radial traverse degree of freedom, 38, 39, 
4] 

Radium, 133-134 

RAIL language, 54, 240 

RAM, see Random-access memory 

Random-access memory (RAM), 216-217 

hierarchical contro] systems, 242 
intelligent controllers, 226-227 

Range sensors, 123 

Read-only memory (ROM), 216-217 

Recession, 3 

Reciprocating pumps, 164-165 

Rectitication, 187 

Reed switches, 122-123 

Reis Machine Companv, 32, 35, 43, 44 

Relay logic controllers, 207, 208, 209, 210, 
РПІ 

Relavs, 113 

Remote-center compliance (RCC) devices, 
is] 

Repeatability, 61-62, 63 

Resistance, 156-157 

Resistive transducers, 140-141 

Resolution, 60-61, 63 i 

Return on investment, 90, 93, 94, 95-99 

Revolute coordinate arrangement, 24-25, 
4 

Rheostats, 192 

Robot Institute of America (RIA), 6, 8 


Robots and robotics 
advantages of, 78-79 
applications analysis, 101—103 
classification of, 16-24 
components of, 11-16 
defined, 4-6 
degrees of freedom, 34-43 
development of, 6-8 
disadvantages of, 79-80 
economic justifications for, 89-99 
end effectors, 64—74 (see also End 
effectors) 
equipment review, 101 
external sensors, 74—75 
feasibility ot, 100-101 
future of, 105-106 
geometric motion configurations in, 
24-34 
implementation of, 103 
Japanese definitions of, 17, 24 
maintenance and training, 103-105 
mechanical parts of, 113 
motion control for, 55-59 
noneconomic justifications for, 88-89 
performance measures for, 59-63 
power systems (fluid), 145-184 
production applications of, 80-88 
programming methods, 51-55 (see also 
Programming) 
sensing svstems for, 121-144 (see also 
Sensing systems; Sensors) 
social impact of, 106-107 
work envelope of, 43-34 
Rochelle salt, 134 
Roll degree of freedom, 38, 39, 40, 43 
ROM, see Read-onlv memory 
Rotary actuators, 179, 181-182 
Rotary drum controllers, 14 
Rotary electric actuators, 197-203 
ac synchronous motors, 199—201 
dc stepping motors, 201-203 
servomotors, 199 
servo systems, 198-199 
synchro systems, 197, 198 
see also Actuators 
Rotary-gear pumps, 165-166 
Rotary vane pumps, 166-168 
Rotating drum controllers, 206, 207 
Rotational traverse degree of freedom, 38, 
39, 41 
Rotors, 187 
RPL language, 240 
Ruby laser, 131-132 


Sankyo Seiki robot, 8 
SCARA robot, 8 


Index 


Schrader Bellows Company, 30, 32 
Seiko Model 700 robot, 18, 19, 30 
Selenium photovoltaic cells, 127 
Semiconductor injection lasers, 132, 133 
Sensing systems, 121-144 
displacement sensors, 137 
tiber optic sensors, 130-133 
heat sensors, 136 
infrared sensors, 128 
light sensors, 124-128 
manufacturing systems, 114-115 
mechanical movement sensors, 138- 
139 
optoelectronic position sensors, 130 
overview of, 121—122 
proximity sensors, 122 
range sensors, 123 
reed switches, 122-123 
sound sensors, 134-135 
speed sensors, 138 
tactile sensors, 123 
transducers, 139-143 
ultraviolet sensors, 128, 130 
visual sensors, 124 
X-ray sensors, 133-134 
Sensors 
closed-loop robots, 14 
controllers and, 205 
end effectors, 73-74 
external, 74-75 
future of, 105 
intelligent controllers, 225 
intelligent robots, 18-20 
power supply and, 15 
servo robots, 23-24 
Series-wound dc motors, 190, 191 
Servomotors, 199 
Servo robots, 18, 20, 21-24, 57 
Servo systems, 198-199 
Shunt-wound dc motors, 191-192 
Silicon chip technology, 14 
Silicon photovoltaic cells, 127-128 
Single-acting cylinders, 179-180 
Single-board controllers, 210-211 
Single-phase ac motors, 192-195 
Sliding segment arrangement, 13 
Slip, 195 
Snow Manufacturing Company, 31, 33 
Software programming methods, 54 
see also Programming 
Solar cells, 186 
Solenoid-controlled valves, 207 
Sonar, 123 
Sound sensors, 134-135 
Soviet Union, 1 
Spatial resolution, 60-61, 63 
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Index 


Speed, see Operational speed 

Speed control, 187, 188, 190, 192, 197 

Speed sensors, 138 

Spherical robot configurations, 30-32, 44 

Spray painting, 84 

Squirrel cage rotos, 194, 196 

Stadimetry, 124 

Stanford Artificial Intelligence Laboratory, 
54 

Stators, 187 

Stator speed, 195 

Steel industry, 3 

Stepping motors, 199, 201-203 

Stimulated emission, 131, 132 

Straight-line depreciation, 91 

Strainers, 169-170 

Strain gauges, 123, 138-139 

Stress sensors, 123 

Sum-ot-years depreciation, 91-92 

Support grippers, 70 

Survey of Industrial Robots, A, 101 

Switches, 14, 121, 122-123 

Swivel degree of freedom, 38, 39, 40, 43 

Symbols, 247-254 

Synchronous motors, 196-197, 199-201 

Synchronous speed, 195 

Synchro systems, 197, 198 


Tachometer systems, 138 
Tactile sensors, 75, 123 
Tanner, William, 100-101 
Taurus arm, 17 
Taxation, 92, 99 
Technology, 3, 14-15, 89 
Television cameras 
range sensors, 123 
very intelligent controllers, 243-246 
visual sensors, 124 
Thermistors, 136 
Thermocouples, 136 
Thermoelectric sensors, 136 
Thermwood robot, 18, 19 
Three-phase ac motors, 196-197 
Three-way valves, 175 
Timing svstems, 115 
Tooling, 71-74 
Torque, 187, 189 
Torque sensing, 75 
Touch sensing, 75, 121 
Touch-sensitive proximity sensors, 123 
Training programs, 103-105 
Transducers, 139-143 
Transmission lines, 173 
Transmission path, 110, 111, 112-113, 114 
Triangulation, 124 


1-tvpe filters, 170 
Two-way valves, 174-175 


Ultraviolet sensors, 128, 130 
Unemployment, 3, 106-107 

Unimate robot, 7 

Unimation Company, 7, 8, 54, 80 

U.S. classification svstem, 20-24 

U.S. Robots Company, 32 

Universal motors, 192-194 

Unloading loading operations, 81, 83, 100 


Vacuum grippers, 67-68, 69 
VAL language, 54, 238-239, 245 
Valves 
actuators and, 179, 180 
direction control, 174-175 
flow control, 177, 178 
fluid power systems, 152 
hydraulic power systems, 148, 159-160 
nonintelligent controllers, 206 
pneumatic systems, 149, 160, 162 
pressure regulators, 170-171, 173 
relay logic controllers, 207 
Vane pumps, see Rotary-vane pumps 
Variable-sequence robots, 18, 19 
Venturi, 172 
Versatran Company, 7, 8 
Vertical traverse degree of freedom, 38, 
39, 41 
Very intelligent controllers and robots, 20, 
23-24, 235-246 
communication and, 206 
hierarchical control in, 241-243 
languages and, 235, 237-240 
programming, 236-237 
vision svstems, 243-246 
Vision systems, see Television cameras 
Visual sensors, 75, 124 
Voice communication, 105 
Voice programming, 53, 54-55 
Voice sensors, 75 
Voltage supply, 188 
Volute-type pumps, 168-169 
Vuebotics Corporation, 87 


controllers, 227-229 
limitations of, 233-234 
very intelligent controllers, 236 
WAVE language, 54 
Weight, 153-154 
Welding, 15-16, 72, 78, 81-84 
Westinghouse Electric Company, 7, 8, 28, 
31, 34, 83, 86 


Whitney, Dan, 6 
Winchester disk, 219-220, 235 
Wind-powered systems, 186 
Work, 154 
Work envelope, 43-44, 60-61 
Working conditions, 88 

see also Health and safety 
Wrist movements, 38-43 


Index 


Xenon flash tube, 131-132 
X-ray sensors, 133-134 
XYZ system, 25-28, 32, 44 


Yaw degree of freedom, 38, 39, 42 


Zilog 280 microcomputer, 216 
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